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Abstract
The electrochemical behavior of benzoheterocycle triosmium clusters o f the general 
formula [Os3(CO)io-i(pm-ri^-(L-H)(|a-H)] (1 = 0, 1; m = 2 or 3; L = benzoheterocycle) as 
well as the clusters derived from these by further modification with EPh] (E -  Si, Sn, P) 
and CH2N 2 (1-36) have been studied. The ligands in these clusters bind to the metal core 
in a variety o f different bonding modes. In general, the electron deficient clusters with ps- 
T]^-bonding mode showed reduction potentials at less negative values than their electron 
precise precursors. The observed electrochemical potentials correlate with n 
to a* electronic transitions (excluding 3 and 6) but not with the other absorptions for the 
two series o f complexes and their corresponding free ligands. The complexes all exhibit 
electrochemically quasi-reversible or irreversible reduction processes except in the case 
of benzoheterocycle clusters containing phenanthridine, 5; 5,6-benzoquinoline, 6; 
quinoxaline and substituted quinoxaline (7', 19, 20, 21, 25, 26, 31, 32, 34 and 36) and the 
quinoline-4-carboxaldehyde derivatives (13, 14, 15 and 24), which showed one-electron 
reversible reductions and resulted in stable radical anions after one-electron 
electrochemical and/or chemical reduction. Spectroscopic investigations of the radical 
anions were performed in an attempt to confirm the stability o f these radical anions and 
to further elucidate their electronic and molecular structures and to determine the 
locations o f spin densities. The radical anions of 5, 6, 7', 13, 14 and 15 were studied by 
infrared spectroelectrochemistry, NMR, EPR and UV-Vis spectroscopies. Very 
interesting phenomenon were found in the case of partially reduced radical anions o f 5, 6 
and 13, which showed selective line broadening in their H and NMR resonances, 
shifting of the IR frequencies to lower frequencies and the disappearance o f low energy 
UV-Vis band. The fully reduced radical anion of 14 showed a well defined ESR signal. 
Density functional theory calculations were performed in order to understand their 
H O M O -LU M O  energy gaps, natural charge populations and spin density distributions. 
Reasonable correlations were found between spectroscopy and computational data.
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Chapter 1
1.1 Introduction and General Background for Organometallic Radicals
Radicals are of fundamental relevance to areas as varied as organic synthesis, 
homogeneous catalysis, the chemistry of metabolism, the degradation of aerobic cells, the 
generation of tumors, material science, photo-processes and nuclear chemistry. 
Transition-metal radicals are central to a number of these s u b j e c t s . I n  particular, 
organometallic radicals have been a topic of interest due to their reactivity and proposed 
involvement in eatalysis."^'^
There are some excellent examples of the redox activation of metal- or ligand-eentered 
radicals leading to the synthesis of otherwise inaccessible species. For example, synthesis 
of metal carbonyl cluster derivatives via electron transfer catalysis,^ are often fast, 
efficient and stereo- or regioselective. Detailed mechanistic studies have shown that 17- 
and 19-electron compounds play important roles in a wide range of organometallic 
reactions. Radicals can be generated from a closed shell (18e ) in the following ways: 
homolysis of metal-metal or metal-ligand bonds, electron transfer, atom abstraction, or 
addition of organic radicals to closed shell complexes. The resulting radical species from 
electron transfer reactions are described as 17e', 19e', or (18-i-ô)e' (where Ô indicates the 
fraction of the unpaired electronic charge localized onto the metal(s)) depending on the 
location of the unpaired electron with respect to the valence shell of the metal.
In the simplest view, 17e' and I9e‘ complexes are produced by one-electron oxidation 
and reduction, respectively, of an 18e“ complex at the metal center. Both metal-centered 
and ligand-centered radicals can result from such reactions. A subset of known reactions
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of organometallic radicals is illustrated in Scheme 1.1. These include radical coupling, 
atom transfer, associative substitution, electron transfer, metal-alkyl homolysis and 
migratory insertion. Although the literatures contain numerous examples of metal- 
centered radical reactivity,"^ there are relatively few examples of radical reactivity within 
the ligands.^ There are even fewer cases in which both metal-centered and ligand- 
centered radicals are observed from the same class of molecules.^
Fe« -  
18 e-
ligand-Iigand
coupling
.c r
< ^ y
i'<à>
19 e
electron transfer
Fe“
<É>
17 e'
associative 
ligand substitution
(Me0)3P' ,.Fe«
Scheme 1.1
One of the main objectives of this thesis is to synthesize trimetallic radicals via an 
electron transfer reaction and study their spectral properties to determine the location of 
spin density. From the assumption that spin density determines the reactive site in given 
metal radical species, it would be expected that the reactivity would most likely occur at 
the metal for 17-electron and 19-electron complexes and at one or more sites within the
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ligand, or on the metal, for (18+0)e‘ complexes. However, the reactive site may not 
correlate with the location of the spin in the most stable form of the complex as 
determined spectroscopically. For complexes whose ligands provide variable bonding 
modes, changes in ligand geometry can alter the electron count at the metal so that 
several different radical species can be in equilibrium. For example, the iron sandwich 
complexes CpFe(I)(C6R6) where R = H, Me undergo reactions characteristic of different 
radical t ypes . Al t hough  the spectroscopic and the structural data are consistent with 
their formulation as Fe(I) (19e‘ complex), various reaction modes suggest the formation 
of 17e‘, 18e' or 19e species (Scheme 1.1). The complex Fe(I)Cp(C6R6), a 19e metal- 
centered radical, is the major species after one-electron reduction, which can undergo an 
electron transfer reaction to form the 18e complex, FellljCpCCeRe)^- Spectroscopic 
evidence suggests that the small fractions of the other two (18e‘ and 17e") radicals are 
also in equilibrium with the 19e" radical. The kinetics studies of this radical with 
phosphines and phosphites,”  were carried out at low temperature by observing the 
change of optical density at 710 nm, and show that the substitution proceeds by a second 
order process with activation parameters AH* = 13.3 kcal/mol and AS* = -22 cal/mol/K. 
The bimolecular reaction, confirmed by the relatively large negative entropy of 
activation, indicates that the mechanism involves an associative process as known for 
17e" radicals (Scheme 1.1).’̂ ” "* Another reaction, dimerization of the 19e' through the 
arene ligand,”  is not attributed to the 19e" form but to the minor 18e" metal-center, which 
bears the radical center on one arene carbon (Scheme 1.1). This arene ligand is a 
representative of a q^-cyclohexadienyl radical (the rate of dimerization is low” ). The 
dominant, most electron rich 19e‘ form is responsible for the many electron transfer
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reactions with acceptors,*’”  ”  but the two other forms also contribute to the reactivity of 
Fe(I)Cp(C6R6) (Scheme 1.1).
There are several examples of (18+0)e' complexes that have significant spin density on 
the ligand as determined spectroscopically.”  Here a brief background of well known, 
very stable 17- and 19-electron organometallic radicals is given and discussed. The 
influence of metal core on the ligand, the location of spin density, the reactivity of the 
ligand-centered radicals, and other factors that influence the stabilities of those 
organometallic radicals will be summarized.
1.2 17-Electron Organometallic Radicals
Even though a variety of 17-electron metal-centered radicals are known, a very small 
number of radicals have been well characterized either structurally or chemically. 
Common synthetic routes to 17e' radicals include photolytic homolysis of compounds 
containing metal-hydrogen or metal-metal bonds and electron transfer to 18-electron 
compounds. Other synthetic routes, such as atom abstraction reactions, are as yet 
relatively unexploited, and the number of bimetallic compounds for which the metal- 
metal bond is sufficiently weak that homolytic dissociation occurs spontaneously in the 
dark at room temperature is small.^°
The 17-electron organometallic radicals are often found to be metal-centered. 
Vanadium hexacarbonyl, V(C0)6, is a unique example of 17-electron compound that is 
thermally stable with respect to dimerization. The stability of V(CO)g is due to the very 
extensive % delocalization of the odd electron onto the ligands as well as to the fact that 
this first row transition metal is reluctant to form coordination numbers greater than six
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from its very stable octahedral g e o m e t r y . A s  a result, the unpaired spin of the 
complex has a very little directional component and does not posses the reorganization 
energy required for compounds to rearrange and interact with other one electron ligands; 
hence it does not dimerize. The closed-shell compound Cr(C0)6 undergoes 
electrochemical oxidation to yield [Cr(C0)6'^], isoelectronic with V(C0)6. This cation is 
stable on a time scale of seconds, in contrast to the analogous molybdenum and tungsten, 
which are much less stable^^’̂ * but it has not been well characterized. Substituted 17- 
electron complexes of type [MlCOle-nLn"^], [M(C0)4(L-L)^] and [M(CO)2(L-L)2 ]̂ (M = 
Cr, Mo, W; n = 1-3; L = monodentate tertiary phosphine; L-L = bidentate tertiary 
phosphine) have long been known and are much more stable than the corresponding 
hexacarbonyl cations, owing to the presence of the more electron donating phosphorous 
ligands; these have been characterized by ESR (Electron Spin Resonance) and IR (Infra 
Red) spectroscopies."^ Substitution reactions of metal radicals differ strikingly from the 
corresponding reactions of similar 18-electron compounds, generally reacting much more 
rapidly, via associative (19-electron intermediates or transition states) rather than 
dissociative processes.
There are also various other 17-electron cationic radical species. For example, trans- 
[Fe(CO)3(PPh3)2] ,̂ [M(CO)2-nLn(ri^-C5R5 )]^ (M = Co or Rh; n = 0-2; L = tertiary 
phosphines and R = H, Me or Ph)^ have been reported in the literature. The 17-electron 
Mn(C0)5, Re(C0)5 and their substituted derivatives can be prepared by the 
photochemical dissociation of their dimers and by electron-transfer processes, and have 
been studied by IR, ESR and electron spectroscopies These complexes are found to 
form stable 17-electron metal-centered radicals.
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Metal radicals exhibit much of the chemistry of the extensively studied carbon- 
centered radicals. The more common metal-centered reactions involve dimerization by 
the formation of metal-metal bonds (although the process is often subject to severe steric 
constraints). Many radicals react with spin traps and abstract halogen and hydrogen 
atoms from different sources. The different types of metal-centered radical reactions are 
shown in Scheme 1.2.
M(C0)4L + RN =  0  --------- ► RN(0)M(C0)4L
M(C0 )4L + RX ---------- ► XM(C0 )4L + R*
M(C0 )4 L + R3 S11H ---------- ► HM(C0 )4 L + RgSn
M = Mn, Re, R = alkyl, aryl
Scheme 1.2
1.3 19-Electron Organometallic Radicals
The 19-electron organometallic radicals are usually generated by the one-electron 
reduction of the 18-electron organometallic complexes. The 19‘̂  electron must occupy 
the M-L antibonding orbital and that of course imparts instability to the complex. The 19- 
electron radicals can also be generated from an associative reaction of a 17-electron 
radical and a two-electron donor ligand. Tyler et al. first reported the short-lived 19- 
electron adduct (CpMo(CO)3L) formed from the disproportionation reactions of the 
complex, Cp2Mo2(CO)6 .̂  ̂They reported the formation of a 19-electron adduct from a 17- 
electron species and a ligand (Equation 1.3, Scheme 1.3). Standard free energies of
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formation for the 19-electron adducts were calculated from Equation 1.7 and found that 
the formation of adducts is thermodynamically favorable.
Cp2Mo2 (CO ) 6  + L CpMo(CO)3L^ + CpMo(CO)3 " overall reaction ( 1 . 1 )
CpMo2 (CO ) 6  ^  2 CpMo(CO ) 3  initiation (1.2)
17e 
Cph
17e' 19e'
►CpMo(CO)3  + L Mo(CO)3L propagation (1.3)
C pM o(C O )3L + C p 2M o2(C O ) 6  ► C pM o(C O )3L^ + C p2M o2 (CO )6 '  (1.4)
19e 18e-
C p 2M o2(C O )6 -------- ► CpMo(CO)3' + C pM o(C O )3 (1.5)
18e" 17e
CpMo(CO)3L 4- CpMo(CO)3 ►CpMo(CO)3L^ + CpMo(CO)3' termination (1.6)
19e 17e' Ige' 18e'
Keq
MLn + L' ,  MLnL' (1.7)
17e' 2e" 19e'
where, M I^ = *Mn(CO)5,^o(CO)4, CpMd(C0)3, CpF^(C0)2 '
L' = phosphines, amines, O donors, halides, pseudohaKdes
Scheme 1.3 Mechanism for the photochemical disproportionation of Cp2Mo2 (CO )6
1.3.1 Electron Transfer Chemistry of the 19-Electron Adducts
The 19-electron complexes are high in energy relative to their 18-eleetron 
counterparts. This fact is reflected in the chemistry of the 19-eleetron complexes: their 
predominant mode of reactivity is through electron transfer.^"^ The reduction potentials for 
typical photo-generated 19-electron complexes are estimated to be < -1.5 V vs. Standard
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Calomel Electrode (SCE)/"^ The 19-eleetron complexes are thus excellent reducing agent 
(Equation. 1.8 and 1.9).
CpFe(CO)dppe + 1/2 Mn2 (CO)io  Mn(CO)g' + CpFe(CO)dppe^ (1.8)
19e" 18e"
^ M n 2 (C O ) io <  -1.5 V VS. SCE
CpFe(CO)dppe + CpzCo^ -------- ^  CpzCo -t CpFe(CO)dppe+ (1.9)
19e- ISe"
CP2C0 + = -0.88 V vs. SCE
The formation of a 19-electron adduet is thermodynamically favorable with respect to 
a 17-electron radical and a ligand. A simple molecular orbital scheme illustrates the 
interaction of the singly occupied metal radical orbital with the donor orbital of a ligand 
(Figure 1.1a). Note that one electron must occupy the metal-ligand antibonding molecular 
orbital. This situation is a classic three-electron bond^^ resulting in a net metal-ligand 
bond order of Vi. Thus, the driving force for the formation of 19-eleetron adducts is the 
formation of one-half of a metal-ligand bond.
The 19-electron radicals might not actually have 19-electron configuration at the metal 
center because the extra electron might be localized on the ligand. This is an important 
point in that the phrase “ 19-electron complex” conveys the concept of a 19th electron in 
an orbital that has a substantial metal character. Unfortunately, the electronic structures of 
19-electron adducts have only been studied for only a few species because the complexes 
are very unstable for detailed spectroscopic analyses. However, the complex Mn(C0)5CF 
was stable enough at low temperature to study by ESR spectroscopy, which indicated
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that the unpaired electron indeed occupied the Mn-Cl a* orbital, as indicated in Figure 
1.1a.
A  , 4  i ; ÿ \
:  \  \ , |  17e \  \  17e- \
\  \ /41-l'(o) \  / 4 -L'(o)
V  V  V
MLnL' MLnL' MLnL'
19e i9e 19e
a b ^
Figure 1.1 (a) Simplified molecular orbital scheme showing the interaction of the singly 
occupied orbital on a 17-electron organometallie radical with a ligand orbital to form a 
19-eleetron complex, (b) Same as part (a) except that the ligand has a low-energy n* 
orbital. This scheme is applicable to “18+5”e' complexes. The unpaired electron now 
occupies the 7t* orbital, (c) Same as part (b) except that an additional orbital on the metal 
is shown interacting with the ligand 7i* orbital. This latter interaction leads to 
delocalization of the unpaired electron onto the metal.
There is some indirect evidence that suggests that other 19-electron adducts avoid the 
occupation of a high-energy M-L antibonding orbital by changing the geometry of a 
ligand. Thus, CO ligands can bend (Figure 1.2a), phosphine or phosphite ligands can
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adopt a phosphoranyl radical type structure (Figure 1.2b) and Cp can slip (Figure 1.2e) in 
order to avoid the 19-electron configuration at the metal (Figure 1.2). Conceptually, these 
distortions stabilize the 19-eleetron adducts by removing the unpaired electron from the 
high-energy metal-ligand antibonding orbital and putting it to a lower energy ligand 
orbital.
LnM— C
R
%  R Fc(CO )3
b c
Figure 1.2 Alternative structure of 19-electron adducts in which the unpaired electron is 
ligand localized: (a) a molecule with a bent CO (1-electron donor); (b) a phosphoranyl 
radical type structure; (c) a “slipped” Cp ring
Evidence of these alternative structures comes primarily from reactivity studies. For 
example, electrochemical reduction of Cr(CO)e in the presence of a hydrogen atom donor 
gave Cr(CO)5CHO'.^^ Another example is provided by the 19-electron complex, 
CpMo(CO)3(P(OR)3). Evidence for a phosphoranyl radical type structure in this molecule 
came from studies which showed that irradiation of Cp2Mo2(CO ) 6  in the presence of 
P(0 R)3  led to small amounts of CpMo(CO)3 (PO(OR)2) and CpMo(CO)3R.^ '̂^° Finally, 
electrochemical studies have shown that when many 19-electron species couple, they 
couple through the ligands, presumably because the unpaired electron is localized on a 
ligand. A classic example of two 19-electron complexes coupling through their ligands is 
shown in rhodocene (Equation 1.10):
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2Cp2Rh -------- ► CpRh^ l  11 II [ p —RhCp (1.10)
As cited above, many 19-electron complexes may have 18-electron metal centers with 
a ligand-localized unpaired electron. However, Astruc mentioned that it was unwise to 
draw conclusions about the location of an unpaired electron on metal radicals based on 
the structure of coupling reaction produets.^ '*̂ He showed that the location of the spin 
density in the transition state of a coupling reaction could be very different from that in 
the ground state. If this is the case, then reliable information about the location of the 
unpaired electron in 19-electron adducts would seem to be available only by direct 
spectroscopic measurements.
Any attempt to synthesize a stable 19-electron adduct must stabilize the 19̂ '’ valence 
electron in the M-L antibonding orbital. The strategy for synthesizing a stable 19-eleetron 
adduct is to use ligands that have a vacant 7t* orbital lower in energy than the metal- 
ligand antibonding orbitals (Figure 1.2b).'^' There are two stable 19-electron complexes 
e.g. Co(CO)3L2 and Mn(CO)4L2 [(L2 = 2,3-bis(diphenylphosphino)maleic anhydride] 
ESR studies of these complexes showed that the unpaired electron was ligand localized, 
and hence they are better described as 18-electron complexes with reduced ligands."^ 
Tyler et al. showed that the irradiation of metal-metal bonded dimers in the presence of 
this ligand led to the formation of long lived radical adducts ( Equation 1.11).'*'’“*̂
Cp2Mo2(CO)6 + 2 L2  »  2CpMo(CO)2L2 + 2C 0 (1.11)
19e"
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1.3.2 The Degree of 19-Electron Character in the Stable 19-Electron Adducts
The reason for the 19-electron adducts with the La ligand being stable is that the 19th 
valence electron is primarily localized in a 7i* orbital on the ligand and not in a metal- 
ligand antibonding orbital. Thus the term “ 19-eleetron complex” is a misnomer. Professor 
Ted Brown at the University of Illinois recommended the name “18+6” complexes for 
these species, where the Ô nomenclature is intended to indicate the fraction of the 
unpaired electronic charges that is localized on the m e t a l . T h u s ,  the 19-eleetron species 
would have 8> = 0.5, and complexes with no localization onto the metal from the ligand 
would have Ô s  0. The determination of the Ô values in adducts is not straightforward. 
ESR spectroscopy can be used to determine the ô value for the radical complexes by 
measurement of the hyperfine coupling constant between the electron the ligand nuclei 
and the metal.' '̂* In the ease of Co(CO)3L2 complexes, for example, the ô value was 
found to be 0.015 by ESR. This clearly indicates that the unpaired electron is primarily L2  
localized in this complex.
1.4 Radical Chemistry of Multimetallic Complexes and History of the Project
Radical chemistry of monometallic complexes has been more extensively studied than 
that of the hi or trimetallic clusters, even though these clusters posses potential 
applications as catalysts'^^’̂  ̂ and reagents'^^"'^  ̂ for transformation of organic molecules. 
There are several examples of trimetallic radicals but often time those radicals are too 
unstable to study their spectral behavior. Keister et al. reported the unstable triruthenium 
radical cations, [Ru3(p3-COMe)(CO)7(PPh3)2(li-H)3]'̂ , [Ru3(p3-CSEt)(CO)7(PPh3)2(p.- 
H)3]'̂  and [Ru3(p,3-COMe)(CO)6(PPh3)3(p,-H)3]'̂ , generated by chemical or
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electrochemical oxidation of 48-electron [Ru3 (|i3-CX)(CO)9 .nLn(li-H)3] ( where X = 
OMe, SEt, NMeBz; L = PPh3 , dppm, PR3 , SbPh3 ; n = 0-3) complexes/^ These radical 
cations are very unstable and decompose by disproportionation back to 48-electron 
cluster and very unstable 46-eleetron species. They also reported that the radicals, which 
have singly occupied molecular orbital (SOMO) of metal-metal bonding character, are 
much less stable than for which the SOMO has metal-carbon bonding character.^*^ So the 
contributions from the ligand orbital play an important role in the stabilities of the radical 
anions.
The unusually stable radical anions of [(CO)5MnRe(CO)3(BPM)], [(CO)5MnRe(CO )3  
(BPM)Re(C0 )3Br], [Os3(CO),o(BPM)] and [Os3 (CO)io(BPM) Re(C0 )3Br] (BPM = 2,2’- 
Bipyrimidine) were reported by Haiti et al.^’ These compounds were studied with cyclic 
voltrammetry and IR spectroelectrochemistry at variable temperatures. The bridging 
BPM ligand in [(CO)5MnRe(CO )3  (BPM)Re(CO)3Br] and Os3(CO)io(BPM)Re(CO)3Br 
complexes reduces the reduction potentials to less negative values and enhances the 
stability of the radical anions upon reduction. The IR spectroelectrochemieal data 
confirmed the structural integrity of these compounds from their similar intensity patterns 
in the \)(C0) region and showed a simple shift of all \)(CO) bands to lower frequencies. 
Splitting of the metal-metal bond occurred in the case of [(CO)5MnRe(CO)3(BPM)] and 
[Os3(CO)io(BPM)] complexes upon reduction. This splitting is caused by the large 
polarization of this bond by the reduced BPM ligand. The a-donor properties of the 
reduced BPM are markedly reduced when this ligand acts as a bridge. A similar influence 
of the o-donor properties of the reduced a-diimine ligand on the stability of the reduction 
products has recently been observed for the related complexes [HOs3 (CO)9 (L)] (L =
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ortho-metalted a-diimine).^^ The stabilities of these radical anions are also related to the 
lowest energy LUMO, the dominant contribution to which is from the lowest unoccupied 
n* orbital of the ligand. The alkene-stabilized biradical, (CO)4 0 s -Os(CO)4 -Os'^(CO)2(a- 
diimine ) is obtained from Os3(CO)io(a-diimine) on irradiation with visible light.^^ This 
biradieals are very short lived (lOns-ljis) and also revert to the parent clusters 
Os3 (CO) 1 o(a-diimine).
Our research interests were to explore the radical chemistry of trimetallic clusters with 
benzoheterocycles in order to find new ways of functionalizing the bound 
benzoheteroeycles. The functionalized benzoheterocycles of interest can be cleaved from 
the clusters to obtain the new benzoheterocycle l i g a n d s . T h e  benzoheteroeyele ligands 
we have been using in our studies have important biomedical applications in drug 
discovery. The free ligands, for example, benzimidazoles, benzoxazole and quinoline 
derivatives, have been shown to be potent inhibitors of the benzodiazepine receptor, and 
have a sedative effect on the nervous system by decreasing the inhibitory effect of y- 
amino butyric acid.^^’̂  ̂ The substituted quinolines are believed to inhibit the glutamate 
transport into the synaptic vesicles and therefore are potential drugs for treating 
Alzheimer’s and Parkinson’s disease.^^
The promise of using polymetallic complexes as catalysts and reagents for the 
transformation of organic molecules lies in the concept of multi-site activation where one 
metal atom can protect the usual active sites of a molecule while other can enhance the 
reactivity of other parts. A specific example of such a process is found in the chemistry of 
benzoheteroeycles bound to triosmium clusters. In this case one osmium atom 
coordinates the pyridinyl nitrogen in quinoline while the other two atoms bond to C(8)
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with a three centered-two electron bonds ( 1, Equation 1.12). This bonding mode makes 
the complex electron deficient having only 46 total valence electrons instead of the 
required 48-electron for a trimetallic cluster with three metal-metal bonds. According to 
Effective Atomic Number (EAN) rule, each metal atom must achieve an 18-electron 
configuration for an electron precise system. As a result these clusters are potential 
candidates for electron acceptors.
Osg(CO)]Q(CHgCN)2
+  25 °C
/ \ i / l
( 1.12)
An interesting and useful consequence of this bonding mode is that the electron 
deficiency is delocalized over both the metals and the heterocycles. We have found that 
the reaction of these complexes with less nucleophilic two-electron donors such as 
amines, phosphines and methylene, nucleophilic addition is at the metal core, and with 
stronger nucleophiles such as hydride or carbanions, nucleophilic addition is at the 
carbocyclic ring (Equations 1.13 and 1.14).^^'^’ The latter represents a complete reversal 
of the nucleophilic reactivity of uncomplexed benzoheterocycle where attack by 
nucleophiles is at the 2- or 4-position. This effect, originally demonstrated for quinoline
and 5,6-benzoquinoline, has now been extended to all the heterocycles in Figure 1.3. 62
(1.13)
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— Os-' Os —Os ——  Os- Os —
2.H+
Os
 (1.14)
It is tempting to attribute the observed reactivity towards nucleophiles to the 
contributions from the delocalized ground state structure where the cluster behaves as a 
classical electron withdrawing group (Scheme 1.4). However, in the case of the activation 
of 7t-T|^-arene complexes of low valent transition metals, molecular orbital calculations 
suggested that there was a negligible withdrawal of electron density from the ring, and 
activation towards nucleophilic attack is best accounted for by orbital stabilization in the 
formation of the anionic intermediate following nucleophilic attack.^^
— Os- Os—
"O s 
/ 1\
— — Os-—  O s- Os— Os—
Os Os
Scheme 1.4 R esonance strueture where the triosm ium  eluster behaves as a classical 
electron-withdrawing group
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Figure 1.3 Structures of the family of electron deficient benzoheteroeyele triosmium 
clusters
Electrochemical measurements have long been used, in combination with semi 
empirical or ab initio molecular orbital calculations (Appendix A), to gain an 
understanding of relative orbital energies and charge distributions in metal complexes. In 
the case of 46-electron trimetallic clusters, the HOMO is metal based and this has been 
clearly demonstrated from ESR measurements of the eomplex. ^  We have previously 
studied the electrochemical behavior of the quinoline complex [Os3(CO)9(}i3-ri^- 
C9H6N)(|j.-H)] and found that this eomplex undergoes the expected two-eleetron 
reduction based on its 46-electron count.^^ In this case, the first electron transfer is 
electrochemically reversible but chemically irreversible, which means unknown chemical 
reaction proceed after the first electron reduction, makes the structure of this species
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difficult to evaluate. The value of the first reduction potential at -1.38 V vs. Fc/Fc"  ̂
suggests that it is metal based but subsequent reaction indicates the involvement of ligand 
orbitals. However, the related electron deficient compound [Os3 (CO)g(|i3-T| -̂ 
Ph2PCH2PPh(C6H4 ))] and other 46-electron clusters provide stable FSR observable 
radical anions after one electron reduction.^^ Different types of benzoheterocycles and 
substituent groups on the benzoheterocycles might show a dramatic influence on the 
reduction potential of the clusters and on the stability of the radical anions. Thus, the 
electrochemical studies of different benzoheterocycle triosmium complexes (Figure 1.3) 
will provide valuable information on the electron acceptor properties. If the first electron 
reduction of these complexes is reversible, then the one-electron chemical or 
electrochemical reduction of these clusters might result in a metal or ligand centered or 
“18-t-ô” type radical complexes as described above in the case on 19-electron radical 
complexes. Only spectroscopic investigation of these radical anions can confirm about 
the location of the electron spins. In addition, molecular orbital calculations can provide 
useful information on the electron distribution in these radical anions. We will compare 
our experimental findings with the theoretical data to validate or support our results. The 
location of spin can also be determined from the reactivity studies of radieals with spin 
trap and electrophiles.
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1.5 Major Objectives
The major objectives of this thesis are to address the following:
1. Measure the electrochemical properties of the benzoheteroeyele triosmium 
clusters and free ligands and investigate the stability of the radical anions 
upon electrochemical reduction.
2. Calculate the charge distribution in the electron deficient clusters and examine 
how it influences the electron acceptor properties of the free and bound 
ligands in the cluster: Molecular orbital calculations will be performed in 
order to have a better insight into the charge distribution and the origin of the 
nucleophilic reactivity of the electron deficient clusters and the free ligands.
3. Study the spectroscopic properties by NMR, EPR, UV-Vis and IR of the 
radical anion clusters (only the ones that show chemically reversible 
reductions) after chemical and electrochemical reduction and determine the 
location of the unpaired electron spin density.
4. Perform the DPT calculations to obtain the loeation of spin density in the 
radical to support our experimental findings.
5. Study the impact of different functional group substitutions and their positions 
on the distribution of electron density and the properties of the radieal anions.
6. Study the reactivity of the radical after chemical reduction with spin traps and 
electrophiles.
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Chapter 2
The Electrochemical Behaviour of Electron Deficient Benzoheterocycle Triosmium
Clusters
2.1 Introduction
Electron deficient clusters are much more reactive than their electron precise clusters. 
The electron precise cluster contains 48 valence electrons for a trinuclear clusters 
containing three metal-metal bonds and each metal atom achieves an 18-eleetron 
configuration. The common feature in all of the electron deficient clusters is that these 
complexes react with electron donors, and electrochemical reduction invariably takes 
place at the metal core.^^^^'^
Electrochemical studies have been used to provide useful information about the 
electronic structures of electron deficient trimetallic clusters. The electrochemistry of 
quinoline complex 1 was reported previously.^^ Since somewhat ambiguous results were 
obtained from our initial studies of 1, a full understanding of electrochemieal behavior of 
this series of metal clusters will reveal the ambiguities of our initial results. The large 
variation in ligand structures represented by the series [Os3 (CO)g(|i3-r|^-(L - 
H))(|j,-H)] clusters ( L = Quinoline, 1; 3-Aminoquinoline, 2; 5-Aminoquinoline, 3; 6 - 
Methoxyquinoline, 4; Phenanthridine, 5; 5,6-Benzoquinoline, 6; Quinoxaline, 7; 2- 
Methylbenzimidazole, 8; 2-Methylbenzotriazole, 9; 2-Methylbenzothiazole, 10; 
Benzothiazole, 11; 2-Methylbenzoxazole, 12) (Eigure 2.1) have been studied 
electrochemically. We report here the results of these studies as well as our attempts to
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further characterize the reduced species and to correlate their electrochemical behavior 
with their spectroscopic and chemical properties.
\
Y X
1
1
N
\  /
O s - \ - ------- Qs —
Quinoline
1 .X ,Y ,Z  = H
2 .X  = NH2.Y,Z = H
3 .X ,Z  = H ,Y = N H 2
4 .X ,Y =H ,Z  = 0 Œ 3
H
CH
O s- Os—
2-Me-Benzimidazole
Phenanthridine
5
5,6-Benzoquinoline
6
N - C H
O s—
Os-
Os
Quinoxaline
‘3
2-Me-Benzotriazole
9
Benzothiazole 
R = Œ 3, 1 0  
R = H,11
O s—
2-Me-Benzoxazole
12
Figure 2.1 Structure of the electron deficient benzoheterocycle triosmium 
clusters of general formula [Os3(CO)9 (p 3-ri^-(L-H))(p-H)]
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2.2 Results and Discussion
The polarographic half-wave potentials for the monosubstituted complexes 2-4 are given 
in Table 2.1. As expected, the first one-electron reduction occurs at much less negative 
potentials than their electron precise dodecacarbonyl analogues, T -  4' (Table 2.2). This 
first reduction potential is relatively insensitive to substitution on the quinoline ring 
except in the case of the 5-amino derivative, 3, where about a 0.1 V shift to more 
negative potential is observed. This is consistent with the observations that 3 is more 
basic towards protonation and is much less reactive towards two electron donors than the 
other monosubstituted quinolines examined to date.^^ The apparently greater electron 
density at the metal core is most likely due to the contribution of a resonance structure in 
which the lone pair on nitrogen transfers electron density to the metal core (Scheme 2.1). 
The UV-Vis spectrum of 3 is also significantly different than 1, 2 and 4 (Table 2.3). The 
band in the 600 nm region, assigned to the n - o* transition of the metal core, is shifted to 
shorter wavelength while the band in the 350-400 nm region, assigned to the metal to 
ligand charge transfer band is shifted to longer wavelength. If more electron density is 
transferred to metal-metal bonding molecular orbitals, an increase in the energy of the O* 
orbitals would be expected and a secondary increase in the energy of the non-bonding 
metal molecular orbitals would also result. This would increase the energy of the n - 
o* transition and decrease the energy of the metal to ligand charge transfer band, as 
observed. The assignments of these bands as given here are based on generally accepted 
assignments for metal carbonyl clusters^^ but the close proximity of the Metal-Ligand 
Charge Transfer (MLCT) and the n-K* transitions makes these two assignments 
interchangeable in some cases.
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Table 2.2 Polarographic half-wave potentials (in volts vs. Fc/Fe"^) for eleetron precise 
quinoline triosmium clusters [Os3 (CO)io(|X-ri^-C9H5 (R)N)(p-H)]
Compound R Oxidation (V) Reduction (V) Solvent
r H + 0 . 2 4 ( E i r r ) -2.01 ( E i r r ,  2e ) CH2CI2
2' 3-NH2 -i- 0 . 1 6 ( E i r r ) - 2 . 0 3 ( E i R R ,  2 e ) CH2CI2
4' 6-OCH3 + 0 . 2 5 ( E i r r ) -2.07( E i r r ,  2e ) CH2CI2
E irr = irreversible
e
NH-
—  O s- Os—
Os
3
NH-
— O s- Os
—  O s- Os—
Os
8-12
O s- Os—
" O s  /  l \
8-12
X = NH, S, O 
R = CH3 , H
Scheme 2.1 Contribution of resonance forms for 3 and 8-12
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On the other hand, the magnitude of the ehange in the first reduetion potential of 3 
relative to 1, 2 and 4 does not seem large enough to account for the great difference in 
reactivity observed and thus the reduetion potentials measured for 3 may refleet a more 
complex situation. This is suggested by the behavior of 1-4 immediately after the first 
one-electron reduction that was studied in detail for 3. In acetonitrile, which provides a 
wider potential window, two one-electron reduction waves are observed for 3 on a 
dropping mereury electrode (DME) at E]/2 (0 /-l )  = -1.37 V and Ei/2(-l/-2 ) = -1.99 V vs. 
Fc/Fe'^. A third reduction process, probably corresponding to a ligand eentered reduction, 
appears at Ei/2(-2 /-3 ) = -2.76 V. Polarographic logarithmic analysis indicates the 
Nernstian behavior of the first reduction process while the second process appears to be 
slightly irreversible. The one-electron consumption of the (0/-1) reduction was confirmed 
by controlled potential coulometry. The (0/-1) reduction process is followed by a fast 
chemical reaction of unknown origin. Analysis of the AC polarographic data provides the 
rate constant of this chemical reaction, k = 760 s '. It is this rapid reaction at the electrode 
that probably mitigates the value of the first reduction potential for 3.
Table 2.3 UV-Vis data for eleetron deficient quinoline triosmium clusters 
[Os3(CO)9 (p 3-ri^-C 9H5 (R)N)(p-H)] in methylene chloride
Compound R n - 0* (nm) M to L CT (nm) 71- 71* (nm)
1 H 662 369 316
2 3 -NH2 647 367 317
3 5 -NH2 598 401 321
4 6 -OCH3 655 374 316
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The phenanthridine and 5,6-benzoquinoline complexes 5 and 6  reduced in two one- 
electron steps in CH2CI2 and acetonitrile solutions with almost identical values (Table 
2.4). Surprisingly, no chemieal reaction complicates the first Nernstian electron transfer 
and a long-lived monoanion 5'“can be obtained by exhaustive controlled-potential 
eleetrolysis (made on a Hg-pool electrode). No EPR signal could be deteeted in the 
electrolysed solution even at liquid nitrogen temperature. This may be due to a very short 
relaxation time for the unpaired electron in 5 ', which is certainly stable on the overall 
time-scale of the experiment (see below). The second reduction for both 5 and 6  appears 
to be irreversible with the voltammetrie reoxidation peak positioned about 0.8 V 
positively from the cathodic reduction peak. In acetonitrile, a third reversible reduction 
can be observed at a potential very close to that of the free ligand (Figure 2.2), but this 
probably does not actually involve the cleaved ligand. This behavior is very similar to 
that of 1 and 3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
I
•i
I
I
• c
&
p
I
I
i
I
’Ô5
cO
0g
cm
>1
I
o .
I
(w3
I
!
T
O
O
£ a
I
oto
we
•Is
I
e
i
■a
g
e
3o
a
S
U
Ü 5s g
eVI
TT
CS
a  a
T f  OO 
00 VO
I I
(S  ^  VI m
ocs
?
o
o
?
c
1
IT)
o  S
g g
§
l i
00 00
I I
m
m
&
?
c
Îo
(U
S.VI
0s
I
VO
( S
a
( S
I IVO VI 
»-H O
a am cs
CS
+  +
I&
Og
a
Ov
ON
ain
?
IëIJO
I
( S
00
I
( S
a
VO
I
VO(N
a
Ov
?■
aovo
+
I
t
CS
ov
0g
CS
as
a
?
o>
II
CS
I
o
CS
a
Oin
a
VO
i
I
1
m
ug
a
VOin
a
CS
?
Ji
!
I
CS
CS
1
g)
c2
I
ci
01
u
oT
!
w
X)
I
I
r i
I
H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
<
3
7.000
5.000
O s - O s - - .
3.000
1.000
- 1.000
- 1.000 - 2.600- 1 . 4 0 0 - 1.800 - 2.200
E v s .  F c  (V )
Figure 2.2 CV response of an acetonitrile solution of 5 on a glassy carbon electrode at 
200 mV/s showing the three one-electron reductions and the reversibility of the first half­
wave potential.
Spectroelectrochemistry performed in an OTTLE^* infrared cell in the case of 5 shows 
that during the reduction two isoshestic points can he located in the CO stretching region 
of the infrared spectrum at 2015 cm ' and 1965 cm '. Reoxidation completely restores the 
original spectrum of the neutral compound, confirming the complete stability of the 
cluster anion, 5 ' (Figure 2.3). The infrared spectrum and the reversibility of the reduction 
suggest a radical anion that is very similar in structure to 5. Recently, stable radical 
anions derived from the 48e' clusters [Os3(CO)9(|J,-H)L] (L = orthometalated diimine) 
have been identified.^^ These results clearly demonstrate that the additional 
delocalization available to the tricyclic aromatic ligands has a strong influence on the
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stability of the product formed after the first one-electron reduction, and lends support to 
the suggestion made earlier in this report that this step is not strictly metal based. The free 
ligand undergoes an irreversible two-electron reduction at -2.46 V in acetonitrile, and 
this value is very similar to that observed for the third one-electron reduction in 5. We can 
speculate that coordination to the metal fragment makes the reduction of the ligand split 
into two separate one-electron steps, only the first of which is detectable in the actual 
potential window. However, the latter is reversible and therefore suggests that the ligand 
is still bound to the cluster. There are only small differences in the electronic absorption 
spectra of 5 and 6 relative to 1, 2 and 4 and in fact the values of the 0/-1 reduction 
potentials are similar (vide infra).
Derivatives (7-9) behave very similarly to 1-6 and have been studied in CH2CI2 and 
THF solutions. Acetonitrile could not be used as a solvent because unlike 1-6 these 
complexes form adducts with acetonitrile at room temperature.^^ All the ps-complexes 
(1-9) are kinetically stable. The reasons why the complexes 7-9 form adducts are not 
apparent and must await a theoretical treatment of the bonding mode of the systems. For 
compounds 7 and 9 the second one-electron reduction process is shifted towards very 
negative potentials and can only be observed in THF; solvent discharge making them 
unobservable in CH2CI2 . Complex 8 , on the other hand, has its first one-electron 
reduction shifted to slightly more negative potentials with its second reduction being very 
similar to 1-6. This shift may be due to contributions from resonance structures involving 
the pyrrole nitrogen that places additional negative charge on the metal core (Scheme 
2 . 1).
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Complexes 10-12 show different responses from those described above. In CH2CI2 
solution on a DME a single two-electron reduction wave is observed, which is twice the 
height of the waves observed for the one-electron wave of structurally analogous cluster 
8  at the same concentrations (Figure 2.4).
f  *
2150 2125 2100 2075 2050
T
2025 2000 , 1975
UavenuBiber cm '
1950
1-------------r
1925 1900 1876 1850
Figure 2.3 Time resolved infrared spectroelectrochemieal response of a CH2CI2 solution 
of 5 in the carbonyl stretching region recorded in the OTTLE cell scanning potentials 
from -1.40 to -1.65 V vs. Fc/Fc"  ̂ (scan rate = 5mV/s) and showing the conversion of 5 to 
5'" with added current.
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Figure 2.4 Controlled potential coulometry of 8 and 12 showing the two-electron 
current for 12 and the one-electron for 8 .
Nevertheless polarographic logarithmic analysis of the two-electron waves of 10-12 
result in non-linear plots, which indicate that waves are composed of two overlapping 
one-electron steps (Figure 2.5) as is the case for almost all two electron processes. 
Significantly, the electron precise analogues of these complexes, 9 '- 12', undergo similar 
two-electron (or, more likely, two overlapping one-electron steps) reductions but shifted 
to more negative potentials. This suggests that the LUMO’s in this series of complexes 
are primarily ligand in character and that the impact of the formal electron deficiency at 
the metal core is to lower the energy of the LUMO with a corresponding decrease in the 
energy of the HOMO. However, as for 8 , a shift towards more negative potential is 
observed for the initial electron transfer, which can be rationalized by contributions from 
resonance structures involving the second heteroatom which places some additional
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electron density at the metals. This shift is not observed in 9 where such resonance 
structures are not accessible.
0.5
i "
-0.5
□+ D
□ (12) + ( 10) ^ ( 11)
1.48 1.5 1.52 1.64 1.56 1.58 1.6
-E(V )
1.62 1.64 1.66 1.68
Figure 2.5 Polarographic logarithmic analysis of 10-12 showing the non-linearity 
associated with two overlapping one-electron transfers.
2.3 Conclusion
The variation of ligands results in much larger variation of the second-reduction 
potential (in CH2CI2 from -1.56 to -2.61 V) when compared to the first-reduction process, 
the electrode potential of which is appreciably modified by the heterocycles (from -1.16 
to -1.64 V). Very interesting is the differenee between the first and second reduction 
potentials, which varies over a large range from ca 0.0 to 1.36 V. This observation 
corroborates the hypothesis that the second electron transfer involves a molecular orbital 
with larger contributions from the heterocyclic ligand. As expected, the electron precise
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clusters are all reduced at more negative potentials much closer to the free ligands (-2.40 
to -2.50 V) and significantly, over a much narrower range (-1.93 to -2.07 V, Table 2.5) 
than their electron deficient counterparts. The one exception to this trend is T  which 
shows a fully reversible one-electron reduction at much less negative potential (-1.63 V). 
The free ligand, quinoxaline is also reduced at less negative potential by a multielectron 
process (-2.18 V). These overall trends are also seen in the electronic spectra where the 
metal to ligand charge transfer bands are relatively insensitive to changes in the 
heterocycle except for T  which shows a band at much longer wavelengths, 486 nm 
(Table 2.6-2.8 ). In the case of the electron deficient complexes a reasonable correlation 
(R^ = 0.90) is observed between the n to o* transition and the first reduction potential, if 
one excludes compounds 3 and 6 where the 5-position of the quinoline ring is occupied 
(Figure 2.6). The differences in the electrochemical and electronic behavior for 3 and 6 
are not apparent. Inclusion of these compounds significantly degrades the correlations. 
No other correlations between the UV-Vis data and the electrochemical data were found. 
This correlation and all of the other data discussed above lead to the conclusion that the 
first reduction potential is primarily metal based but is appreciably modified by the 
heterocycle and in particular for the quinoline series substituted in the 5-position. A more 
quantitative assessment of these effects will be discussed in the following chapters, which 
are obtained from DPT calculations and from the continued study of the reactivity of 
these complexes.
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Table 2.5 Polarographic half-wave potentials (in volts vs. Fc/Fc'^) for electron precise 
benzoheterocycle triosmium clusters [Os3 (CO)io(|4 -ri^-(L  -  FI))(|i-H)]
Compound L Oxidation (V) Reduction (V) Solvent
5' Phenanthridine + 0 . 2 1  ( E i r r ) - 1 . 9 6 ( E i r r ,  2e ) CH2CI2
6' 5,6-Benzoquinoline + 0 . 2 4 ( E i r r ) -1.98(EiRR, 2 e ) CH2CI2
r Quinoxaline + 0 . 2 7 ( E j r r ) - 1 . 6 3 ( E r e v ,  2 e ) CH2CI2
8' 2-Methylbenzimidazole + 0 . 1 8 ( E i r r ) - 2 . 2 2 ( E i r r ,  2e ) CH2CI2
9' 2-Methylbenzotriazole + 0 . 2 9 ( E i r r ) -1.92(EiRR, 2 e ) CH2CI2
10' 2-Methylbenzothiazole + 0 . 3 0 ( E i r r ) -1.93(EiRR, 2 e ) CH2CI2
11' Benzothiazole + 0 . 2 5 ( E i r r ) - 2 . 0 7 ( E i r r ,  2e ) CH2CI2
12' 2-Methylbenzoxazole + 0 . 2 7 ( E i r r ) - 2 . 0 5 ( E i r r ,  2e ) CH2CI2
E rev  = reversible, E q rev  = quasi-reversible, E irr = irreversible, C = chemical 
reaction following reduction
Table 2.6 UV-Vis data for electron precise quinoline triosmium clusters 
[Os3(CO)io(fi-Ti^-C9H5 (R)N)()J.-H)] in methylene chloride
Compound R M to L CT (nm) 7t -  71* (nm)
1' H 384 350
2' 3 -NH2 396 358
4' 6 -OCH3 390 351
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Table 2.7 UV-Vis data for electron deficient benzoheterocycle triosmium clusters 
[Os3(CO)9(}i3-ri^-C 9H5(R)N)(|J,-H)] in methylene chloride
Compound L n - a* (nm) M to L CT (nm) n -n  (nm)
5 Phenanthridine 637 380 340
6 5,6-Benzoquinoline 610 370 340
7 Quinoxaline 720 370 310
8 2-Methylbenzimidazole 607 362 345 sh
9 2-Methylbenzotriazole 670 358 268
10 2-Methylbenzothiazole 609 351 268
11 Benzothiazole 630 350 270
12 2-Methylbenzoxazole 605 355 260
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Table 2.8 UV-Vis data for electron precise benzoheterocycle triosmium clusters 
[O s3(C O )]o(|a-îl^-(L-H ))(|i-H )] in methylene chloride
Compound L M to L CT (nm) 7C-7I* (nm )
5' Phenanthridine 396, 377 sh 320 sh
6' 5,6 -Benzoquinoline 382 277
r Quinoxaline 486,381 300
8' 2-Methylbenzimidazole 393 322
9' 2-Methylbenzotriazole 400 281
10' 2-Methylbenzothiazole 400 300
11' Benzothiazole 389 275 sh
12' 2-Methylbenzoxazole a a
a) too unstable with respect to conversion to 1 2  to obtain data
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Figure 2.6 Plot of the n to o* transition (605-720 nm region) versus the first one- 
electron reduction potential for the electron deficient complexes, [Os3(CO)9(p 3-r|^-(L - 
H))(p-H)] not including 3 and 6.
2.4 Experimental Section
Compounds 1-12 were synthesized by known literature procedures.^^'^’’̂  ̂ Solvents 
were distilled from conventional drying agents before use (dichloromethane and 
acetonitrile, calcium hydride; tetrahydrofuran, sodium or potassium benzophenone ketyl). 
Voltammetric and polarographic measurements were performed with a PAR 273 
electrochemical analyzer interfaced to a PC. Three electrode cells were designed to allow
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the tip of the standard calomel electrode (SCE) to be as close as possible to the working 
electrode. Compensation for the iR drop was applied through a positive feedback loop. 
All measurements were carried out under argon using anhydrous deoxygenated solvents. 
Solutions were 10'^ M for the compounds under investigation and lO ' M for the 
supporting electrolyte, [N"Bu4 ][Pp6]. The working electrodes used were: a hanging 
mercury drop electrode (HMDE), a dropping mercury electrode (DME); or a glassy 
carbon electrode (GCE). Potential data (vs. SCE) are referred to the ferrocene (0/+1) 
couple; under our experimental conditions the ferrocene/ferrocenium ion couple is 
located at +0.46 V in methylene chloride, at +0.40 V vs. SCE in acetonitrile and at +0.45 
V in tetrahydrofuran. The experimental errors in reduction potentials are within the range 
of the instrumental error (1-3%). Infrared spectroelectrochemistry was performed in an 
OTTLE cell built after the design of Krejcik et al.^* UV-Vis spectra were obtained on a 
Perkin Elmer Lambda 11 or a Kontron Uvikon 930 spectrophotometer. NMR spectra 
were obtained on a JEOL EX^OO or a Varian Unity Plus spectrometer.
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Chapter 3
Spectroscopic and Computational Investigations of Stable Radical Anions of 
Benzoheterocycle Triosmium Clusters
3.1 Introduction
We have discussed the electrochemical behavior of the family of electron deficient 
[Os3(CO)9(p 3-ri^-(L-H ))(|i-H )] (L = benzoheterocycles) clusters 1-12 (Figure 2.1) in 
chapter 2. Electrochemical investigations of this family of clusters revealed a very 
interesting phenomenon. All of the compounds proved to be redox active. In most of the 
complexes, the electrochemical reductions were electrochemically reversible but 
chemically irreversible.^^ However, in the case of the phenanthridine (5) and 5,6- 
benzoquinoline (6 ) complexes, one-electron reversible reductions were observed, which 
resulted in very stable radical anions (Equations 3.1 and 3.2). In general, the stable 
radical anions obtained from the electron deficient clusters have the added electron 
density localized on the metal core.^^ In the case of the clusters under consideration here, 
however, the ligands apparently play a significant role in the stability of the radical 
anions formed from 5 and 6. Furthermore, only one of the corresponding electron precise 
clusters, [Os3(CO)io(|4-T i^ -(L -H ))(p -H )]  (L = quinoxaline), 7 ', also forms a stable 
radical anion (Equation 3.3).^^ We realized that these observations warranted further 
investigation and we report here a detailed investigation of the spectroscopic properties of 
the radical anions of 5, 6 and T  along with molecular orbital calculations that reveal the
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patterns of electron distribution in these radical anions. Molecular orbital calculations on 
the formally electron deficient clusters also provided a better understanding of the origins 
of the observed reactivity towards nucleophiles discussed previously in Equation. 1.14 
(Chapter 1).
I ll
1
1  1
1
N
\  /
O s - \ - Os —
/IXV/i
(3.1)
(3.2)
7' T
(3.3)
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3.2 Results and Discussion
3.2.1 and NMR Studies of the Chemical Reductions of Compounds 5, 6 and
r
The reduction potentials of compounds 5, 6 and T  in methylene chloride are -1.52, - 
1.44 and -1.63 V vs. Fc/Fc" ,̂ respective ly .T hese  values are in the same general range as 
those for polycyclic aromatic hydrocarbons and suggest that either partial or complete 
reduction of the radical anions of 5, 6 and T  could be produced by reaction with sodium 
metal or with cobaltocene whose reduction potentials are -2.36 and -1.33 V (vs. Fc/Fc"^) 
respectively.^^’̂ ^
The reaction of cobaltocene with 5 in 1.4:1 molar ratio in an argon atmosphere was 
followed by 'H  and '^C NMR. The ’H NMR reveals that three of the aromatic hydrogen 
resonances H2, H7 and H9 are selectively broadened with respect to the other aromatic 
resonances (Figures 3.1a and 3.1b). The assignments of the aromatic resonances are 
unequivocal and are based on 2D -C 0SY  and HMQC (Appendix C) experiments and the 
calculated chemical shifts obtained from the Density Functional Theory (DFT) 
computations (where the order of the chemical shifts, but not the absolute values, 
matched the experimental shifts).
Using the reduction potentials for cobaltocenium and 5 we can calculate the 
homogeneous equilibrium constant at 25 °C of the reaction given in Equation 3.4:
5 + CP2 C0  5 ”  + CP2 C0 + (3.4)
This value is 6.1 x 10'"̂ ; with a cluster concentration of 2.3 x 10^ M and the 1.4 fold 
excess of CoCpi used in these experiments, approximately 3% of the phenanthridine
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cluster is reduced. The approximate concentration of the radical anion is 6.7 x 10' M. 
This situation parallels that in previously reported work on organic radicals where 
selective line broadening was also observed.^^ No resonanee for the cobaltocenium ion is 
present, which is normally observed at 4.81 ppm. A broad peak is observed at about -40 
ppm which is likely to be the average cobaltocene/cobaltocenium resonance shifted to 
low field from that of pure cobaltocene at the same temperature. Given the low value of 
the equilibrium constant for this reaction self exchange of both the 
phenanthridine/phenanthridine radical anion and the cobaltocene/cobaltocenium would 
be expeeted to be much faster than the cross exchange.^
3+5
74
a)
I I I I I [ M  H  I i I > V j T - [ - T  T j  M  t I [ I i I I I l - m - p T - | - 1 - T - | T - r <  T  : | - | - T 1 p  I M  |  M  i 1 M  I I I |  I f I ■ ] q  S
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Figure 3.1 ’H NMR of 5 at 400 MHz in the aromatic region a) before and b) after the 
addition of 1.4 equivalents of cobaltocene at ambient temperature in methylene chloride- 
da; 'H  NMR of 6  in the aromatic region c) before and d) after the addition of 1.5 
equivalents of cobaltocene at ambient temperature in methylene chloride-da.
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The hydride resonance is also broadened and it is noteworthy that the degree of line 
broadening is different for each of the resonanees. As the temperature is deereased to -80 
°C all the proton resonances gradually broaden into the baseline (Figure 3.2). The 
broadening of the lines is completely reversible with the spectrum returning to its original 
appearance on warming to room temperature. The NMR of 5, after addition of 
cobaltocene (Figure 3.3), also shows selective line broadening of resonances attributable 
to C2, C7 and C9 based on assignments made from HMQC experiments and DFT 
calculations. However, in the case of the '^C NMR resonances considerable shifting of all 
the resonanees to both high and low field is observed. When a solution of 5 in methylene 
chloride-dz is treated with an excess of sodium dispersion in toluene a 'H NMR spectrum 
almost identical to that obtained with cobaltocene is observed (Figure 3.4). This indicates 
that even with this more powerful reducing agent reduction is not complete and suggests 
that the system has not yet reached equilibrium. Compound 6  behaves in an analogous 
manner when reacted with cobaltocene but in this case the resonances assigned to H9, H6  
and H 8  on the basis of COSY and HMBC (Appendix C) experiments are selectively 
broadened (Figures 3.1c and 3.Id).
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Figure 3.2 Variable temperature NMR of 5 at 400 MHz in the aromatic and hydride 
regions after addition of 1.4 equivalents of cobaltocene in methylene chloride-d].
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Figure 3.3 NMR of 5 at 400 MHz in the hydrocarbon and the carbonyl regions in 
methylene chloride-dz at room temperature: prior to reduction with cobaltocene (upper 
part) and after reduction with 1.4 equivalents of cobaltocene (lower part).
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Figure 3.4 'H  NMR of 5 at 400 MHz in the aromatic and hydride regions after reaction 
with sodium dispersion in toluene, in methylene chloride-da at room temperature.
Compound 7' does not react with cobaltocene but does undergo apparent partial 
chemical reduction with sodium dispersion. In sharp contrast to 5 and 6 , the 'H  NMR 
spectrum of T  reveals uniformly broadened aromatic and hydride resonances at room 
temperature that sharpen as the temperature is decreased to -80 °C (Figure 3.5).
This process is completely reversible, as all the resonances broaden again as the 
temperature is raised back to room temperature. That 7 ' reacts with sodium but not with 
cobaltocene is not surprising because its reduction potential is significantly more negative 
than that of 5 (-1.63 V vs. Fc/Fc'^).^*’
Exhaustive electrolysis of a solution of 5 in methylene chloride (5 mM) led to a 
completely broadened 'H  NMR spectrum and a well-defined ESR signal at room
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temperature with a g value of 1.99707, typical for aromatic hydrocarbon radicals.^^ This 
is in sharp contrast to solutions of 5 with cobaltocene, for which a broad, ill-defined ESR 
signal is observed at all temperatures (Figure 3.6).
a) ii L
9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4
b) RT
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Figure 3.5 ’H NMR of T  at 400 MHz in the aromatic and hydride regions a) before and 
b) after reaction with sodium dispersion in methylene chloride-dz at room temperature, 
(c) At -80 °C after reaction with sodium dispersion.
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Figure 3.6 ESR spectrum of 5 after exhaustive electrolysis in methylene chloride at 
ambient temperature.
The NMR behavior of 5, 6  and 7' can be understood in terms of the effect of electron- 
transfer reactions between the neutral diamagnetic molecule and its reduced anionic 
paramagnetic counterpart. It has been previously reported that such electron-transfer 
processes can cause selective line broadening and resonance line shifting. According to 
the theory developed by De Boer and MacLean’  ̂ the electronic contribution to the line 
width (A7 2 ex~') is given by the Equation (3.5)
a
p  ]e
(3.5)
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in which Tp is the lifetime of the paramagnetic molecule, fp and fo  are the mole fractions 
of the paramagnetie and diamagnetic molecules, respectively, a is the hyperfine coupling 
constant, and is the longitudinal relaxation of the electrons. For 5 and 6 , whereby 
raising the temperature results in sharpening of the resonances, the rapid exchange 
regime applies {foTpa^lA »  1 +2 ^ r ie  ’) and the ATiex"̂  is directly related to the hyperfine 
coupling constant and the rate of electron transfer aecording to the Equation (3.6)
( 3 . 6 )
in which [P] and [D] are the concentrations of the paramagnetic and diamagnetic species, 
respectively, and k is the rate constant for the homogeneous electron transfer process. 
Significantly, the ’H NMR resonances in 5 and 6  show different degrees of line 
broadening at each temperature (Figure 3.1). However, the ratio of the line widths for 
each resonance at 20 and 0 °C and at 0 and -10 °C are approximately the same for all the 
selectively broadened lines including the hydride being 2.2 and 1.5, respectively (Figure 
3.2). Over this rather narrow temperature range the equilibrium constant and the 
hyperfine coupling constant would be not expected to vary very much and one can 
approximate the observed line broadening arise primarily from changes in the rate of 
electron transfer. We can estimate the activation energy by using the relationship given in 
Equation (3.7):
l n A v i / 2  =  I n C  +  E a / R T  ( 3 . 7 )
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in which Avi/2 is the change in the half height width relative to 20 °C, C is an arbitrary 
constant, and Ea is the Arrhenius activation energy. The hydride resonance of 5 provides 
measurable line widths at four temperatures ( 20, 0, -10, -20 °C, Figure 3.2, -10 °C not 
shown) and a plot of In Avi/2 vs. 1/T gives a straight line with a correlation coefficient of 
0.998, providing an estimate of Ea = 26.5 ± 3 KJ/mole. Using a typical A factor for a 
second order reaction of lO’ ,̂̂  ̂a rate constant of 2 . 2  x lO’ ± 0 . 2  M'^s ' is calculated from 
the Arrhenius equation. The limited accessible temperature range and the approximations 
made in employing Equation (3.7) make this a very crude estimate of the rate of electron 
exchange at 20 °C but it is not unreasonable in light of the faet that radical anions of 
aromatic hydrocarbons exhibit exchange rates of - 1 0 * at similar temperatures.’’
For complex T, partially reduced with sodium, where we observe sharpening of the 
resonances with decreasing temperature, the electron transfer reaction is again the cause 
of the line broadening. Here, however, we are in the slow exchange regime in which 
/ o r / a ’M «  l+ 2 2 ^rie“’ and therefore AT2ex"' = k[P].’  ̂ It is worth noting that in this case 
the line width is independent of the hyperfine coupling constant and uniform broadening 
of the resonances is expected, as observed. This also the case for 5 after exhaustive 
electrolysis where we observe a uniform sharpening of the H NMR resonances for the 
small amount of unreduced cluster as the temperature is decreased
3.2.2 Density Functional Theory Calculations and Spectral Simulations
The Density Eunetional Theory (DFT) approach has proven to be a very useful method 
for understanding chemical bonding in transition-metal and polymetallic complexes.’* *’ 
DFT methods have been previously successfully applied to calculations of triosmium
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clusters: Morokuma and co-workers studied the bonding in [Os3 (CO)9 (C6He)],*° and 
Calhorda et al. studied in detail structures, frontier orbitals, and bonding of [Os3 (CO)io(a- 
diimine)] clusters.*'
The most important features of the molecular-orbital description of 5 are the 
characteristies of the HOMO and the LUMO orbitals. The HOMO is completely metal- 
based in character (57% contributed by the OS3 core and 40% by the carbonyl ligands), 
while the LUMO is made up of contributions from both the metals and the ligand (13% 
from OS3 , 14% from the carbonyls and the rest from the benzoheterocycle ligand. Figure 
3.7). Furthermore, the LUMO has a bonding interaction involving the two metals on the 
same edge as the bridging hydride and CIO. The distribution of the LUMO in 5 is entirely 
different than in the free ligand. This is particularly obvious if the LUMO (0.02 e au'^) is 
mapped on an electron density isosurface (0.005 e au'^), corresponding to the overall 
molecular size and shape (i.e. the Van der Waals surface), for 5 and the free ligand 
(Figure 3.8). It can be seen that the positions at which the LUMO is most exposed are the 
2- and 5-positions in the free ligand while for 5 the positions that are most exposed are 
the 7- and 9-positions. This nicely rationalizes the switching in the site of nucleophilic 
attack from the former positions to the latter observed experimentally on going from the 
free ligand to 5 as well as in the case of q u i n o l i n e . I n d e e d  the DFT calculations 
give a quantum mechanical picture that correlates with the resonance struetures 
illustrated in Scheme 1.4.
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Figure 3.7 Drawings of molecular orbital of the LUMO and HOMO for compound 5 (a 
and b, respectively) and 7' (c and d, respectively).
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Figure 3.8 LUMO (0.02 e au ) mapped onto the electron density isosurface (0.005 e au'
for the free ligand phenanthridine (upper) and 5 (lower).
DFT calculations were also preformed on 6. The calculations again predict a LUMO 
that is a combination of metal and ligand orbitals with a bonding interaction involving the 
hydride bridged edge of the metal core and CIO. DFT calculations for the free ligand 
predict that the LUMO will be most accessible at the 2- and 4-positions and that in 6 the 
most exposed LUMO sites for the free ligand are the 6 - and 9-positions. These are the 
same sites that are observed to undergo nucleophilic attack in 6 . '̂ As for 5 the frontier- 
orbital model corresponds to the purported sites of electron deficiency predicted from the 
resonance structures in Scheme 1.4 (chapter 1, shown below again).
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Scheme 1.4 Resonance structure where the triosmium cluster behaves as a classical 
electron withdrawing group
In this model involvement of the hydride-bridged edge of metal core and the ligand in 
the LUMO replaces the idea of a formal electron deficiency as the root cause for the 
observed patterns of nucleophilic attack. Indeed, electron density distributions obtained 
from the DFT calculations do not reveal net electron deficiencies at the observed sites of 
nucleophilic attack for 5 and 6 , but the shape accessibility of the LUMO is clearly 
indicated by the map on the electron-density isosurface, and it is this that controls the 
point of nucleophilic attack. This can be likened to the coefficient of the MO for the 
atomic orbital from which it is derived.
These results are in sharp contrast to those obtained from the DFT calculations for the 
formally electron precise 1'. In this case the HOMO is metal based and the LUMO is 
strictly ligand based (Figure 3.7). Thus the presence of the electron-deficient bonding 
mode in 5 and 6  has a profound effect on the character of the LUMO which serves to 
connect the metal core with the ligand.
The application of the Time Dependent DFT (TD-DFT) methods (Appendix B) to the 
study the excited states for the interpretation of the UV-Vis spectra, in some particular 
cases does not provide accurate results.^* However, recent examples of the theoretical
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study of the ground and excited electronic states in cyclometalated phenylpyridine Ir(III) 
complexes show that the method can be fruitfully applied to systems containing third row 
transition m e t a l s . O u r  attempt to use the TD-DFT method to predict and assign the UV- 
Vis spectra to the appropriate absorption bands is summarized in Table 3.1. The 
characters of the transitions have been assigned by considering the main contributions to 
the transition states, and are not meant to be absolute. Not surprisingly, the transition at 
higher energy is metal-centered. The calculated oscillator strengths are in very good 
agreement with the experimental intensities of the adsorptions. The overall good 
agreement with the experimental data lends credence to molecular orbital model 
developed by the DFT calculations.
In order to investigate the origin of the selective line broadening observed in 5 and 6  
upon partial reduction with cobaltocene and sodium, we performed DFT calculations on 
the radical anions of 5 and 6 . This was done by adding one electron to the neutral 
molecules in their optimized geometries and performing an unrestricted B3LYP single 
point energy calculation. As it can be seen from the diagrams in Figure 3.9, the positions 
of maximum unpaired spin density (Appendix A) match the positions where maximum 
line broadening is observed in the 'h  and NMR of 5 and the ’H NMR of 6 . To a first 
approximation the unpaired spin density on a proton in a ti radical determines the 
magnitude of the hyperfine coupling constant.’  ̂If one uses the rate constant estimated for 
5 and calculates the hyperfine coupling constants with Equation (3.6) above, the values 
1.91, 2.77 and 3.63 gauss are obtained for the hydride, H2 and H7 respectively. A typical 
value for an aromatie radical anion is 5.34 gauss. The trend in the magnitude of the 
hyperfine couplings parallels the trend in the calculated spin densities, and taken together
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is in an excellent agreement with the distribution of electron density in 5 and 6 (Figure 
3.9).
Table 3.1 Experimental and calculated UV-Vis adsorption bands of 5.
Exp. (nm) Calc, (nm and eV)) Oscillator strength Transition
637 655 (1.8938 eV) 0 . 0 0 1 1 n to a
Broad adsorption 460 (2.6934 eV) 0 . 0 0 2 2 MLCT
around 450 401 (3.0894 eV) 0.0015 Mainly MLCT
380 380 (3.2622 eV) 0.0132 Mainly MLCT
340 339 (3.6541 eV) 0 . 0 1 2 0 Metal to Metal (dft-dtt)
/ | \
P h e n a n th r id in e
-8.1 / | \
5 ,6 -B e n z o q u m o iin e
Figure 3.9 The scaled distribution of unpaired spin density on the hydrogen atoms in 5 
and 6 . The numbers shown are the unpaired spin density multiplied by 10 .̂ The sum of 
all the numbers divided by 1 0 ^= 1 electron.
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3.3 Conclusions
The DFT calculations reported here present a consistent picture for both the previously 
reported regioselective nucleophilic reactivity and the selective line broadening induced 
by the partial reduction of 5 and 6 . The positions in the ring where the LUMO is most 
accessible are the locations where additional electron density is preferentially donated by 
the nucleophile and where added unpaired spin density resides. This picture coincides 
with that arrived at by the location of the formal positive charges resulting from the 
simple construction of possible resonance structures drawn with pen and paper. The 
electron deficient compounds 5 and 6  both show involvement of the metal core and the 
ligand in the LUMO while the electron precise 7 ' is strictly ligand-based.
The dynamical behavior of these organometallic radical anions parallels that of the 
well known aromatic radical anions.^^’̂  ̂ That T  undergoes electron transfer more slowly 
than 5 and 6  is understandable in terms of the fact that it would be expected to be poorer 
acceptor of electrons because it is electron precise. Less easy to understand is the fact that 
sodium with a much more negative reduction potential does not fully reduce either 5 or 
7'. This may be related to heterogeneous nature of the solutions. In any case, we are 
currently investigating chemical reductions of clusters with soluble aromatic radical 
anions (i.e. sodium naphthalene or anthracene) with the goal of realizing more fully 
reduced species. The reactivity of these species will be explored in order to elucidate 
whether selective distribution of electron density will be manifested in regioselective 
reactions with spin traps and electrophiles.
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3.4 Experimental Section
3.4.1 Materials and General Considerations
Compound 5, 6 and T  were synthesized according to published procedures.^^'^'’̂® The 
NMR spectra were recorded on JEOL EX 400, Varian Unity Plus 400 MHz and Bruker 
600 MHz Avance spectrometers. The NMR solvents (Aldrich) were dried over molecular 
sieves (Type 4Â, Mallincrodt). Chemical shifts were referenced internally relative to the 
residual protons in the deuterated solvents used. Temperature calibration was carried out 
with a methanol standard (Wilmad). DQE-COSY experiments*^ were acquired using the 
pulse programs available on the Varian Unity Plus 400 MHz spectrometer. The number 
of data points in tz was 1024 for 256 ti values, with a pulse repetition of 3 s. HMBC and 
HMQC experiments were run at 600 MHz. UY-Vis spectra were recorded on Perkin- 
Elmer Lambda 20 spectrometer. EPR were recorded on a Bruker 200 EPR spectrometer 
equipped with a Bruker ER031M gauss meter and a HP 5350A microwave frequency 
counter.
3.4.2 Electrochemistry
Methylene chloride was distilled from calcium hydride just before use. 
Tetrabuty 1 ammonium hexafluorophosphate (Aldrich) was recrystallized three times from 
95% ethanol and dried in vacuum oven at 110 °C overnight. Electrochemistry was 
performed with both a BAS CY-50W and an EG&G PAR 273 electrochemical analyzers 
connected to a PC, employing the software, M270. Anion radicals were generated in a 
controlled potential (three-electrode potentiostatic) regime using a bulk electrolysis cell 
with mercury-pool working electrode, calomel reference electrode and platinum counter
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electrode positioned in a side arm of the cell filled with the electrolyte and separated from 
the electrolyzed solution by sintered glass. Potential data are referred to the ferrocene 
(0/+1) couple,*'^ which is oxidized in methylene chloride at +0.46 V vs. SCE. Other 
experimental details were previously reported (Chapter 2).^°
3 .4 .3  Computational Details
DET calculations were performed on the triosmium clusters using the Gaussian 98 
program.*^ The NMR chemical shifts were calculated using the gauge-including atomic 
orbital (GIAO) method. Becke’s three parameter hybrid function*"^ and Lee-Yang-Parr’s 
gradient-corrected correlation function*^ (“B3LYP”) were used throughout the 
calculations. The basis sets employed were LanL2DZ for Os metals, using the relativistic 
effective core potential (ECP), which replaces the inner core electrons, and 6-311++G(d) 
for other atoms for all the calculations except geometry optimizations. The geometry 
optimizations were performed on Os using the same basis set, namely LanL2DZ, whereas 
for other atoms we adopted a 3-21G basis set. Geometry optimizations with higher 
quality basis sets were very lengthy (months), which thought to be prohibitive. The 
optimized bond lengths were within ±0.03 Â of the observed bond lengths for 5, 6  and 7'.
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Chapter 4
The Synthesis, Reduction Chemistry, Spectroscopic and Computational Studies of 
Isomeric Quinoline Carboxaldehyde Triosmium Clusters
4.1 Introduction
The electrochemical properties of the electron deficient triosmium complexes are of 
interest not only because they will elucidate the electron acceptor properties of these 
clusters but also because their study will allow us to understand how modification of the 
benzoheterocycle ring can alter these properties. Indeed, we have previously reported in 
chapters 2 and 3 that the structure of the organic ligand can have a profound influence on 
the electron acceptor properties of benzoheterocycle triosmium clusters both in terms of 
reduction potential and the stability of the resulting radical anions.^^’’° Thus, we have 
found that the electron deficient clusters [Os3 (CO)9 (|i3-T|^-(L-H))(p-H)], (L = 
phenanthridine; 5, 5,6-benzoquinoline; 6 and also electron precise [Os3(CO)io(fi-Tl^-(L- 
H))(|i-H)] (L = quinoxaline; 7') (Figure 4.1) undergo reversible one-electron reductions 
while quinoline itself undergoes rapid reaction after reduction leading to decomposition. 
The reduction processes in 5, 6 and T  are associated with intense color changes, making 
these compounds potential candidates for components in optical materials.*^ The 
formation of stable radical anions by these clusters may provide novel regio-selective 
electrophilic substitution or addition to the benzoheterocyclic ring, at the positions of 
highest spin density, as a result of the cluster’s influence on the spin density distribution 
patterns.*^ Density functional theory calculations have been shown to provide a correlated
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understanding of how a trimetallic core affects the spin density distribution in the radical 
anions resulting from the reduction of 5, 6  and With these factors in mind, we
explore the effect of modifying the previously reported unstable radical anion of 
quinoline with a substituent that is a good electron acceptor and understand the impact of 
putting this modifying group in two different positions. A good electron acceptor will 
have the effect on the reduction potential as well as on the stability of radical anions. We 
report here the synthesis, electrochemical and chemical reduction as well as the 
spectroscopic and computational study of the clusters resulting from the reaction of 
[Os3(CO)io(CH3CN)2] with quinoline-3-carboxaldehyde and -4-carboxaldehyde.
CHO
CHO CHO
O s—
Os
/ | \
15
Figure 4.1 Structures of the benzoheterocycle triosmium clusters, which show reversible 
reduction potentials
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4.2 Results and Discussion
4.2.1 Synthesis of the Quinoline-3- and -4-carhoxaldehyde Triosmium Clusters
The synthesis of the target clusters proceeds in a manner analogous to Equation (1.12). 
The deep red compound [Os3(CO)io(fi-Tl^-(L-H))(|a-H)] (13, L = quinoline-4- 
carboxaldehyde), is obtained in moderate yield (33% based on Os3 (CO)i2) and is 
quantitatively decarbonylated to [Os3(CO)9(p 3-T|^-(L-H))(p-H)] (14, L = quinoline-4- 
carboxaldehyde) on photolysis to give the latter in 31% overall yield. Compound 13 is, in 
fact, somewhat light sensitive and slowly converts to 14 on standing in ambient light. The 
N-C(2) bound cluster [Os3(CO), o(p-T|^-(L-H))(|a-H)] (15, L = quinoline-4-
carboxaldehyde) is also obtained in 12% yield. The electron deficient green cluster 
[Os3(CO)9 (p3 -ri^-(L-H))(p-H)] (16, L = quinoline-3-carboxaldehyde) is obtained in 30% 
overall yield (based on Os3(CO)i2) in a manner analogous to Equation (1.12). The 
intermediate decacarbonyl was isolated and converted directly to 16 without 
spectroscopic characterization. In the case of the quinoline-3-carboxaldehyde the analog 
of 15 is also obtained in 11% yield and characterized by 'H NMR and IR spectroscopy.
4.2.2 Electrochemistry of 13-16
In our previous studies, we reported that compounds 5 and 6 showed reversible one- 
electron reductions at -1.52 and -1.44 volts vs. Ec/Fc"  ̂ in CH2Cl2 .̂ ° Spectroscopic 
investigations of the resulting radical anions revealed a regio-selective distribution of 
spin density that could be understood with the aid of DFT calculations.^* The ’H NMR of 
these complexes revealed selective line broadening at the 2-, 7- and 9-postions for 5'' and 
at the 6 -, 8 - and 9-positions of the heterocyclic ring for 6  This selective line broadening
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could be understood in terms of rapid electron transfer between the radical and its 
unreduced counterpart in partially reduced solutions of 5. The orbital composition of the 
LUMO and the spin density distribution obtained from the DFT calculations nicely 
rationalized the regio-selectivity of the observed line broadening.** However, cyclic 
voltammetry of 14 shows two reversible one-electron reductions at half-wave potentials 
of -1.12 and -1.68 V vs. Fc/Fc^ (Figure 4.2, top), whereas the electron precise 13 and 15 
show single one-electron reductions at significantly more negative potentials, -1.54 V and 
-1.66 V respectively (Table 4.1). In the case of the quinoline-4-carboxaldehyde free 
ligand, a reversible one-electron reduction is observed at -1.86 V (Table 4.1). The charge 
consumption of IF/mol was confirmed by controlled coulometry at the half wave 
potential for 14 (Figure 4.2, bottom). This was also confirmed for compounds 13, 15 and 
the free ligand.
Table 4.1 Reversible reduction potentials of compounds 13-16“
Compound E°i/2" (V)
14 -1.17 ( F rev , le  ) 
-1.68 ( F rev , le )
13 -1.54 ( F rev , le  )
15 - 1 . 6 6  ( F r e v , le  )
Quninoline-4-carboxaldehyde 
(free ligand)
- 1 . 8 6  ( F re v , le  )
16 -1.28 ( F irr , le  )
Relative to Fc/Fc in CH2CI2
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CHO5.0
3.0
I(HA)
-3.C
- 1.0-0.4 - 0.6 - 0.8 1.2 -1.4 1.6 1.8
E (V) vs. Fc*'
r
CHO3.5
2.5
I (nA)
0.5
- 0.5
- 0.7- 0.5 - 0.9 1.1 1.71.3 1.5 1.9
E (V) v s . Fc"°
Figure 4.2 Cyclic voltammogram of 14 in CH2CI2 at a Pt electrode, 200 mV/s scan rate 
(top) and polarographic monitoring of changes during controlled potential coulometry at - 
1.2 V, 1.0 mM of 14 in CH2CI2/O.I M BU4NPF6 (solid line); reduced by 0.5 F/mol (dotted 
and dashed); redueed by 1.0 F/mol (dashed) (bottom)
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From the observed reduction potentials, one can conclude that the ability to accept an 
electron is strongly dependent on the strueture of the clusters. In general, we find that the 
electron deficient clusters show lower reduction potentials than their electron precise 
p recu rso rs.H ere  the use of a ligand that already had a reversible one-eleetron reduction 
results in the creation of a second reversible wave perhaps involving a eluster ligand 
interaction. In addition, it appears that the N-C(8 ) bonding mode provides better 
delocalization of the added electron than the N-C(2) bonding mode sinee the reduction 
potential of 13 is considerably less than 15.
In the previously reported quinoline series we found that eleetron-donating substituents 
in the 5-position of the ring shifted the reduction potentials of the electron deficient 
clusters towards more negative values (e. g. 5-aminoquinoline AE1/2 = -0.12 V).™ In the 
case of 13-15, the electron withdrawing carboxaldehyde group, located in the 4-position 
serves as an exeellent electron acceptor, shifting the potential to less negative values 
relative to the parent quinoline complex (-1.38 V vs. Fe/Fc^) and stabilizing the resulting 
radical anion sufficiently to make the reduction chemically reversible; while the 
unsubstituted quinoline was not chemically reversible. Surprisingly, even though 
compound 16 shows a reduction wave at mueh lower potentials, -1.28 V vs. Fe/Fc"^) than 
the unsubstituted quinoline, it was not reversible at all. This indieates that the position of 
the substituent group also has a significant impact on the stability of the radical anion 
found after one-electron reduction. The reduction potential and the stability of the 
resulting radical anion are probably related to the LUMO energy of the complexes (vide 
infra).
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4.2.3 Chemical Reductions and Spectroscopic Investigations of the Resulting 
Radical Anions
The electrochemical reduction of 14 was followed by FTIR using an Optically 
Transparent Thin Layer Lleetrochemical (OTTLL) eell.®  ̂This reveals a fully reversible 
reduction/oxidation cycle during which the carbonyl stretching frequencies are shifted to 
lower frequencies (from 2079s, 2050s, 1992vs, 1982sh, 1955m, 1944m to 2058s, 2027vs, 
2001 vs, 1969vs, 1955s, 1933s, 1918sh) without significant change in the overall pattern 
of the spectrum (Ligure 4.3). The most significant changes are for the carbonyl stretching 
frequencies of the aldehyde substituent on the quinoline ring at 1711 cm ', which 
disappears upon reduetion while three new bands appear at 1602, 1565 and 1525 cm '. 
The strongest of these bands is at 1602 cm"' and it is tempting to assign this band to a 
carbon oxygen stretch of reduced bond order. However, it is not possible to define which 
one of these bands is the reduced C -0  stretch without the aid of isotopic substitution. All 
three bands disappear during reoxidation and the original band at 1711 cm"' is restored. 
Spectral changes with rather good isosbestic points were observed after the second 
electron reduction, and only one weak band was found at 1527 cm"', the other two bands 
at 1602 and 1565 cm"' having disappeared. This suggests that the cluster structure 
remains unchanged during the experiment conducted in the OTTLL eell but the 
environment of the aldehyde group is significantly impacted.
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Figure 4.3 Time resolved IR spectroeleetrochemical response of 14 in the CO stretehing 
region during exhaustive eleetrolysis of the first electron reduction of 14 at E = -0.8V 
(top) and of the second electron reduction of 14 at E = -1.3, V (bottom).
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Using the known reduction potential for cobaltocene in CH2CI2 we can calculate the
equilibrium constants for the reduction of 13-15 (Table 4.2). 71
Table 4.2 Equilibrium constants for the reactions of 13-15 with cobaltocene 
Compound E " c e l l  (V) K e q “
1 4 - ^ 14 0 . 2 1 3.72 X 10^
14 - ^ 14^ 0.77 1.0 X 1 0 "
1 3 - ^ 13 -0 . 2 1 2.4x10"^
1 5 - ^ 15 -0.33 2.5 X 10'^
^Reduction potential of CP2C0  -1.33 V relative to Fc/Fc^from 
Connelly,N. G. and Geiger, W. E. Chem. Rev. 1996, 96, 877
This predicts that 14 will be fully reduced by cobaltocene while 13 and 15 will be only 
partially reduced. Spectroscopic investigations bear this out. Thus, the ’H NMR studies 
of 14 reveal that the first electron reduction, induced electrochemically or with 
cobaltocene, results in a fully reduced species where all the resonances are broadened 
into the base line. EPR spectroscopy of these solutions shows a reasonably narrow EPR 
signal at a g value typical for an organic radical (g value = 1.999). The addition of excess 
cobaltocene leads to the appearance of relatively sharp aromatic and hydride resonances 
at values different from 14. This is likely due to the formation of the diamagnetic dianion 
in solution. The ’H NMR resonances of 14 shifted from 6  9.66 (dd, H2 & H5), 8.74 (d, 
H7), 7.51 (d, H3), 7.38 (dd, H6 ), -12.23 (s, hydride) to Ô 9.66 (d, H2), 9.18 (d, H5), 8.60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
(d, H7), 7.34 (d, H3) and 7.19 (dd, H 6 ), -12.18 (s, hydride). Note that no aldehyde 
resonance was found for the diamagnetic dianion after the second one-electron reduction. 
There were several singlet resonances between ô 4 and 5 but they could not be 
differentiated from the cobaltocenium peaks in this same region. The largest shift in the 
'H  NMR is observed for the protons resonating at 5 9.66 (H2 and H5), assignments are 
based on COSY and NOESY (Appendix C) experiments. After the two-electron 
reduction, one of the two protons is shifted from ô 9.66 to 9.18. No EPR signal is 
observed for 14 reduced with excess cobaltocene as expected for complete reduction to a 
diamagnetic dianion and as predicted from the equilibrium constant given in Table 4.2. 
Clusters 13 and 15 are partially redueed with cobaltocene and show selective line 
broadening in their ’H NMR spectra at H2, H3 and the aldehyde proton for 13 (Figure 
4.4) and at H3 and the aldehyde proton for 15. Addition of excess cobaltocene to 15 
triggers decomposition as evidenced by the appearance of new resonances in the aromatic 
region. We observe sharpening of the resonances with decreasing temperature for 
partially reduced 13 (Figure 4.4). At -20  °C the electron exchange between the 
redueed/unredueed clusters and also the cobaltocene/cobaltocenium is apparently slow on 
the NMR time scale. This could be due to the precipitation of the reduced species at that 
temperature. At room temperature the line broadening in the NMR of 13 is due to the 
electron transfer reaction between the reduced/unreduced clusters and also between the 
cobaltocene/cobaltocenium as evidence by the line broadening in the aromatic resonances 
of 13 and by the observation of one average signal for the eyclopentadinyl protons. This 
spectroscopic behavior can be understood according to the theory developed by De Bore
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and MacLean.^° The electron contribution to the line width (AT2ex^) is given by the 
Equation (4.1)
fpTpa^/4
AT2ex'*= ------------------------------------------ kl)
1 + f d i:W /4  + 2 TpTie'’
where tp is the life time of paramagnetic molecule, fp and fd are the mole fractions of the 
paramagnetic and diamagnetic molecules respectively, a is the hyperfine coupling 
constant and Tie is the longitudinal relaxation of the electrons. If we assume that the 
equilibrium constant does not change significantly over the temperature range -20 °C to 
4-20 °C, the line width will depend only on the rate of exchange and the hyperfine 
coupling constant for a given resonance. We can therefore, estimate the activation energy 
by using the relationship in Equation (4.2):
lnAvi/2 -lnA -Ea/R T (4.2)
where Avi/2 is the change in half height width relative to -20 °C, A is a constant and Ea is 
the Arrhenius activation energy. The aldehyde resonance of 13 provides measurable line 
widths at four temperatures (-20, 0, 10 and 20 °C, Figure 4.4) and a plot of lnAvi/2 vs. 1/T 
gives a straight line with correlation coefficient of 0.993 (Figure 4.5) providing an 
estimate of Ea = 11. 6  kcal/mol, which is much higher than for 5 and 6 .**
Upon reduction, the UV-Vis spectrums of 14 and 13 show disappearance of all longer 
wavelength bands (Figure 4.6). Only absorption at 362 and 365 nm are observed for the
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reduced 14 and 13 respectively. The absorbance around 360 nm could be due to the 
overlapping absorbances of the CoCpa, CoCpi^ and the reduced clusters.
CHO
^ 3
7 / N ^
N / ^ H /—Os---- ,Os
/  \ l /  \
CHO
Cluster 7 5
3 6
Reduced Cluster at r. t
+ 10°C
lA'
o°c
   J
-20°C
10.8 10.6 10.4 10.2 10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0
Figure 4.4 Variable temperatures H NMR at 400 MHz of the aromatic region 13 after 
addition of cobaltocene
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Figure 4.5 Plot of lnAvi/2 versus 1/T for the aldehyde resonance of partially reduced 13
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Figure 4.6 The UV-Vis spectrum of 14 (bottom) and 14 (top) in CH2CI2 .
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4.2.4 Correlation of the Spectroscopic Data with the Density Functional Theory 
Calculations
Density functional theory was chosen over other molecular orbital calculation methods 
as it provides energy and molecular orbital simulations in less time than other methods.
It also takes into account electron correlation, which is very important for calculations 
involving heavy transition metals.
The DFT calculations revealed that for all the clusters, the Highest Occupied 
Molecular Orbital (HOMO) is completely metal based whereas the Lowest Unoccupied 
Molecular Orbital (LUMO) is partly metal and partly ligand based for the electron 
deficient clusters 14 and 16 (Figure 4.7) and for the previously reported 5 and 6.** The 
LUMO is ligand based for the electron precise clusters 13 and 15 (Figure 4.8). For the 
electron deficient clusters, the LUMO is primarily composed of 60-70 percent ligand 
group orbitals and 30-40 percent from metal orbital contributions. When the LUMO of 14 
is plotted on an electron density isosurface (0.05 e au'^), it is revealed that the most 
exposed region is on the bond where the aldehyde carbon is attached to the heterocyclic 
ring with the remainder of the exposed areas distributed over both rings of the 
heterocycle (Figure 4.7). This suggests that the first electron has its density located 
primarily in the aldehyde group with the rest delocalized throughout the ring. The 
spectroscopic evidence indicates that the second electron is impacting the aldehyde 
carbon as well and goes into the same MO to give a diamagnetic species. On the other 
hand, for compounds 13 and 15, the LUMO is mainly on the aldehyde carbon and on the 
nitrogen containing heterocyclic ring. In the case of isomeric 13 and 15, the DFT 
calculations also reveals that there is a significant difference in their HOMO-LUMO
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energy gap, which is responsible for the relative reduction potentials and the stability of 
the resulting radical anion for these two species (Figure 4.8). The importance of HOMO- 
LUMO energy gap in the stability of radical anions was discussed in chapter 1 (Figure 
1.1). A very similar behavior was reported for the cluster [Os3(CO)9(L)(|i-H)] (L = 
orthometallated a-diimine ligand) by Nijhoff et al.^̂  The trend in potential differences 
and the stability of the resulting radical anion from those clusters is also related to a low 
energy LUMO of the clusters, possessing a dominant contribution from the lowest 
unoccupied 7t* orbital of the ligand. The line broadening at the aldehyde, H2 and H3 
resonances in 'h  NMR of 13 is also in agreement with the distribution of calculated spin 
densities (Figure 4.9). In general, the higher the positive charge at a particular position 
the higher the calculated spin density at that position. The natural charge population 
analysis (NPA) of 13 and 14 shows that the most positive charge is located at the 
aldehyde carbon and C2 positions, which correlates with the spin density distribution 
patterns (Figures 4.9 and 4.10). Thus the electron deficient 14 gives a more delocalized 
radical anion by involving the carbocyclic ring and to some extent the metal core in the 
MO occupied by the added electron.
Comparing the LUMO’s of the electron deficient isomeric clusters 14 and 16 suggests 
a rationale as to why 14 showed reversible reduction whereas 16 did not. In the case of 
14, the carboxaldehyde group plays an important role in the formation of the LUMO 
whereas in 16, it is not involved at all probably as a result of the position of the 
substituent group. The DFT calculations also reveal that the LUMO of 16 is 14 kcal/mol 
higher in energy than the LUMO of 14. Even though the reduction potential for cluster 16 
is relatively low (-1.278 V vs. Fc/Fc"^), the higher LUMO energy and the lack of
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involvement of the aldehyde group in the LUMO limits the degree of delocalization of 
the free spin density.
In addition, the LUMO of free ligand quinoline-3-carboxaldehyde is higher in energy 
( ~ 8  kcal/mol) than LUMO of quinoline-4-carboxaldehyde (Figure 4.11). Here, again the 
DFT calculations rationalize the electrochemical behavior of the two heterocycles.
No HOMO LUMO LUMO superimposed 
onto an electron density 
isosurface (0.05e au'^)
14
"Api
E = -96 kcal/mol
16
E = -82 kcal/mol
Figure 4.7 LUMO orbital pictures of 14 and 16 superimposed on an electron density 
isosurface of 0.05 e au'^
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Compound HOMO
(isosurface = 0.05 e au^)
LUMO superimposed 
onto an electron density 
isosurface (0.05 e au'^)
13
. i i .
TIT
E = -146.07 kcal/mol E = -85 kcal/mol
15
E = -139.6 kcal/mol E = -62.6 kcal/mol
Figure 4.8 LUMO orbital pictures of 13 and 15 superimposed on an electron density 
isosurface of 0.05 e au^
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Figure 4.9 The scaled distribution of unpaired spin density in 13. The numbers shown are 
the unpaired spin density multiplied by 10 .̂ The sum of all the numbers divided by 10  ̂=
1 electron.
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Figure 4.10 The distribution of natural charge population in 13 and 14
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Figure 4.11 LUMO orbital pictures of quinoline-3 and -4-carboxaldehyde ligand.
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4.3 Experimental Section
4.3.1 Materials and General Procedures
All reactions were carried out under an atmosphere of nitrogen but were worked up in 
air. Methylene chloride and acetonitrile were distilled from calcium hydride. Methylene 
chloride-d2 was purchased from Cambridge isotope laboratories and dried over activated 
molecular sieves. Tetrahydrofuran were distilled from sodium and benzophenone ketyl 
prior to use. Os3(CO)i2 was purchased from Strem Chemicals, used as received and 
converted to [Os3(CO)io(CH3CN)2 ] by published procedure.^’ Quinoline-3-and -4- 
carboxaldehyde and tetrabutylammonium hexafluorophosphate were purchased from 
Aldrich Chemicals and used as received.
Infrared, UV-Vis and 'H  NMR spectra were recorded on a Thermo Nicolet 633 FT-IR 
spectrometer, Perkin Elmer Lambda 11 and Varian Unity Plus 400 MHz respectively. 
EPR were recorded on a Bruker 200 EPR spectrometer equipped with a Bruker ER 03IM 
gauss meter and a HP 5350A microwave frequency counter. Elemental analyses were 
performed by Schwarzkopf Microanalytical Labs, Woodside, New York. Chemieal shifts 
are reported downfield relative to tetramethylsilane.
4.3.2 Synthesis of [Os3(CO)9(|X3-t1̂ -(L-H))(|J,-H)] (L = quinoline-3- and -4- 
carboxaldehyde)
[Os3(CO)io(CH3CN)2] (.500 g, 0.54 mmol) was dissolved in 200-250 mL CH2CI2 and a 
two fold molar excess of ligand was added. The reaction mixture was stirred for about 
18-20 hrs and then filtered through a short silica gel column to remove excess ligand. The 
solvent was removed by rotary evaporation and the crude product was dissolved in a
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minimum amount of CH2CI2 and fractionated on silica gel TLC plates using 
CH2Cl2/hexane 30-40% CH2CI2 as the eluent. Two compounds are isolated from the 
quinoline-4-carboxaldehyde reaction by preparative TLC, the fastest moving orange band 
is the N-C(2) activated decacarbonyl compound 15 whereas the slowest moving red band 
is the N-C(8 ) activated cluster 13. In the case of quinoline-3-carboxaldehyde, we also 
found two bands, N-C(8 ) activated orange-yellow cluster [Os3(CO)io(fi-ri^-(L-H))(|i- 
H)](L = quinoline-3-carboxaldehyde)(17), the precursor of 13, and the N-C(2) activated 
yellow cluster (18). Photolysis of the 13 and 17 resulted in a brown solution of 14 and 
green solution of 16. The compounds were purified on silica gel TLC plates using 
CH2Cl2/hexane 30-40% CH2CI2 as the eluent. Two bands were eluted. The faster moving 
orange-yellow (for quinoline-3-carboxaldehyde) or red (for quinoline-4-carboxaldehyde) 
band contained minor amounts of 17 and 13 and slower moving green (for quinoline-3- 
carboxaldehyde) and brown (for quinoline-4-carboxaldehyde) bands are the electron 
deficient clusters 16 and 14. These clusters were extracted from the silica using CH2CI2, 
and the resulting solutions were concentrated to 2-3 mL by rotary evaporation, and 
crystallized from CH2CI2 and hexane at 0° C. The total yields (based on Os3(CO)i2) of 
the products are given below with the analytical and spectroscopic data.
Compound 13; Anal. Calc, for OS3C20NO 11H7: C, 23.83; N, 1.38; H, 0.69 %. Found: C, 
23.81; N, 1.28; H, 0.40 %. IR (vCO in KBr): 2049s, 2024s, 1994s cm \  UV-Vis in 
CH2CI2 (Imax): 380, 5I8nm. ’H-NMR in CD2CI2: 610.60 (s, IH, CHO), 9.76(d, IH, H2), 
8 .6 6  (d, IH, H7), 8.47 (d, IH, H5), 7.54 (d, IH, H3), 7.37 (t, IH, H6 ) and -12.43 (s, 
hydride). Yield for 13: 33% (Major product)
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Compound 14: Anal. Calc, for OS3C19NO 10H7: C, 23.29; N, 1.42; H, 0.71 %. Found: C, 
23.11; N, 1.41; H, 0.55 %. IR (v CO in KBr): 2076s, 2046s, 2018s, 1980s, 1947s, 1982 
m, 1710 (w) c m \  UV-Vis in CH2CI2 (?imax): 320, 376, 486, 733 nm. ’H-NM Rin CD2CI2: 
8  10.34 (s, IH, CHO), 9.66 (m, 2H, H2 & H5), 8.73 (d, IH, H7), 7.51 (d, IH, H3), 7.38 
(dd, IH, H6 ), -12.23 (s, hydride), yield for 14: 31%.
Compound 15: Anal. Calc, for OS3C20NO 11H7: C, 23.83; N, 1.38; H, 0.69 %. Found: C, 
24.20; N, 1.32; H, 0.89 %. IR (vCO in KBr): 2050s, 2026s, 2010s, 2000m, 1991m, 
1981m, 1962w and 1708w, hr cm"’. UV-Vis in CH2CI2 (X^ax): 334, 448 nm. H-NMR in 
CD2CI2: 8 10.33 (s, IH, CHO), 8.9l(d, IH, H5), 7.94(m, 2H, H7 & H8 ), 7.70 (s, IH, H3), 
7.63 (m, IH, H6 ) and -14.17 (s, hydride). Yield for 15: 12% (Minor Product)
Compound 16: Anal. Calc, for OS3C 19N O 10H7: C, 23.29; N, 1.43; H, 0.71. Found: C, 
23.29; N, 1.33; H, 0.50. IR (vCO in CH2CI2): 2078m, 2050s, 2022s, 1991s, hr, 1955 w, 
hr, 1943 w, hr, 1710w cm ’. UV-Vis in CH2CI2 (Xmax in nm): 333, 692 nm. ’H-NMR in 
CD2CI2: 8  10.08 (s, IH, CHO), 9.66 (s, IH, H2), 8.70 (d, IH, H7), 8.53 (d, IH, H5), 8.51 
(s, IH, H4) and -12.06 (s, hydride). Yield for 16: 30%
4.3.3 Electrochemistry
Electrochemical measurements were performed with a BAS CV-50W analyzer 
equipped with standard three-electrode cell. This cell was designed to allow the tip of the 
reference electrode to approach closely to the working electrode. Voltammetric 
experiments were performed using Standard Calomel Electrode (SCE) as the reference
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electrode, a glossy carbon or platinum wire as the working electrode and platinum wire as 
the auxiliary electrode. Potential data are referred to the ferrocene (0/+1) couple,^^ which 
is oxidized in methylene chloride at + 0.46 V vs. SCE. Typically, a solution containing 
ImM of the cluster and O.IM supporting electrolyte (tetrabutylammonium 
haxafluorophosphate, BU4NPF6) was prepared using freshly distilled and degassed 
methylene chloride. Positive feedback iR compensation was routinely applied. 
Polarography was performed with a dropping mercury electrode using a drop time of 1 s.
4.3.4 Preparation of the NMR, IR, UV-Vis and EFR Solutions
Chemical reductions were done in methylene chloride-d2 for NMR studies. Solvents 
were dried over molecular sieves and degassed prior to use. Samples were prepared in an 
inert atmosphere glove box. Clusters were vacuum dried to remove surface water before 
use. Approximately 10 mg (O.Olmmol) of the cluster were dissolved in methylene 
chloride-d2 in an NMR tube, and then an equimolar amount of a cobaltocene solution 
(from a 26 mM stock solution) was added to the NMR tube. NMR spectra were recorded 
within 10-15 minutes.
For IR, and UV-Vis spectra we used distilled and degassed methylene chloride. A 
sodium chloride (permanently sealed 0.10 mm path length) cell was used for IR 
measurements. The IR sample chamber was purged with nitrogen gas for two hours 
before recording the spectrum. The UV-Vis spectra were recorded in a screw cap quartz 
spectrophotometer cell with a 1 0  mm path length.
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4.3.5 Computational Details
DFT calculations were performed using the Gaussian 98 program.^^ The molecular 
structures from single crystal X-ray structure determinations were used for geometry 
optimization. The crystal structure of 13 couldn’t be obtained due to the light sensitivity 
of the cluster. In the case of 13, we modified the crystal structure of T  and used it for the 
DFT calculations.^'’ All calculations were done at lowest energy minima. We used 
restricted Becke three-parameter hybrid functional*'’ and Lee-Yang-Parr’s gradient- 
corrected correlation function (B3LYP) throughout.^'’ The basis sets employed were 
LanL2dz for the osmium atoms, using the relativistic effective core potential (ECP), 
which replaces the inner core electrons, and 6-31+4-G (2d) for the other atoms in all the 
calculations except for geometry optimization. No symmetry restrictions were placed on 
the optimizations. The geometry optimizations were performed on the Os atoms using the 
same basis set, whereas for the other atoms we used a 3-21 G basis set. Geometry 
optimizations using extended basis sets exceeded our computational capabilities.
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Chapter 5
Electrochemistry and Computational Studies of Other Related Clusters
5.1 Introduction
From our previous discussion in chapters 2-4, we have found that the reduction 
potentials and the stabilities of the triosmium benzoheterocycle radical anions depend on 
factors such as the bonding mode of the ligand with the clusters and the structure of 
benzoheterocycles, especially conjugated aromatic systems or benzoheterocycles 
containing electron acceptor substituents. For example, clusters containing 
phenanthridine, 5,6-benzoquinoline, quinoxaline and quinoline-4-carboxaldehyde showed 
reversible reduction potentials whereas quinoline and related derivatives showed 
irreversible reductions. We were interested in exploring the electrochemical behavior of 
other related clusters with ligands that have distinctly different bonding modes than those 
in Chapter 2-4, which were formed by further modification of the benzoheterocycle 
ligand or the metal core. It was hopeful that this would help us to understand what other 
additional factors might influence the reduction potentials of the clusters and the 
stabilities of the resulting radical anions as well as the natural charge and spin density 
distribution of the clusters. The compounds investigated are shown in Figures 5.1-5.3.
Clusters containing M-Si bonds have been intensively studied in recent years due to 
their theoretical challenges and a p p lic a t io n s .S i la n e s  are added to the unsaturated 
clusters by facile oxidative addition, which commonly generates clusters with bridging 
hydrides and terminal silyl g ro u p s .T h e se  types of clusters have been implicated in 
catalytic processes such as hydrosilation.^*'”*°
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Figure 5.1 Structures of the benzoheterocycle triosmium clusters containing MPhg (M 
Si, Sn and P) ligands
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Scheme 5.1 Synthesis of benzoheterocycle triosmium clusters containing SiPhs ligand
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The water soluble triosmium clusters under investigation were synthesized by placing 
ligands bearing = [P(OCH2CH2NMe3)3l 3] and L = [P(C6H4 S0 3 )Na3] on the metal core 
(Figure 5.2).'^' Recently, we have shown that these clusters modified with positively 
charged phosphines, show binding affinity to plasmid DNA that is understandable in 
terms of the intercalating ability of the ligand bound to the c lu s te rs .T h e re  are several 
motivations for developing biomacromolecular labels using polymetallic species 
containing bioactive ligand, besides direct visualization by electron microscopy and 
determination of X-ray phase information from diffraction experiments. In addition, 
electrochemically active clusters could combine these features with a sensitive method of 
detection and/or electron transfer induced cleavage of the b io m acro m o lecu les .S o  we 
thought it would be useful to investigate the electrochemical properties of these water 
soluble triosmium clusters (Figure 5.2).
Os —
25
Os —
26
Os —
27
CHO CHO
Os —_— Os Os —
OsOs Os
28 29 30
L"- = [P(OCH2CH2NMe3)3]-"  ̂ C = [PCCgH^SO]);!-
Figure 5.2 Structures of water soluble benzoheterocycle triosmium clusters
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Another important class of benzoheterocycle triosmium clusters under investigation 
here are the clusters containing bridging methylidene and methylidyne ligands, which 
were prepared by reacting electron deficient clusters with diazomethane according to 
Scheme 5 . 2 . Organic diazo compounds are highly reactive substrates having several 
reaction centers in one molecule. They can adopt different coordination modes, acting as 
a n- and/or a-bound terminal, bridging or chelating ligands to form mono- or 
multimetallic c o m p l e x e s . P h o t o c h e m i c a l  or thermal decomposition of diazoalkane 
provides one of the most general ways for generating carbene intermediates which have 
drawn much attention due to their important role in Fischer-Tropsch s y n t h e s i s . I n  
addition, with the retention of C-N bond diazoalkanes can exhibit C- or N-terminal 
coordination, C=N or N=N side on coordination mode, or can even undergo 
cycloaddition reactions that constitute useful methods for the synthesis of heterocyclic 
ligands. With trimetallic complexes of osmium, ruthenium and iron, diazoalkanes have 
been shown to give both addition and insertion products.
Electrochemical studies of the methylidene insertion cluster containing the quinoxaline 
ligand are of interest due to the interesting electrochemical behavior observed from our 
previous studies of the quinoxaline ligand and quinoxaline triosmium clusters (Chapter 2 
and 3). Electrochemical studies of these diazoalkane inserted complex will elucidate 
whether this type of bonding mode of the clusters has any influence on the reduction 
potentials and the stabilities of the resulting radical anions.
We have investigated the electrochemical properties of these clusters in an attempt to 
gain further understanding on how changing the bonding mode of a complex organic
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molecule by inserting of one carbon atom affects its ability to delocalize electron density 
after one-electron reduction.
CH
\
/ | \
31
-Os
32 33
\
35
CH
Os-'
/ | \
36
Figure 5.3 Structures of benzoheterocycle triosmium clusters containing |a-methylidene 
and }i,3-methylidyne ligands.
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Scheme 5.2 Synthesis of benzoheterocycle triosmium clusters containing |i-methylidene 
and |i3-methylidyne ligands.
5.2 Results and Discussion
5.2.1 Electrochemical Behavior of Clusters 19-24
Polarographic half-wave potentials vs. Fc/Fc^ for the compounds 19-24 are given in
Table 5.1. We have reported in chapter 2 that the electron precise quinoxaline clusters 
[Os3(CO)io(|.t-ri^-(C8H5N2)(|i-H)], T  showed one-electron reversible reductions at -1.63 
V vs. Fc/Fc" .̂ The reduction potential is significantly less negative than that of the free 
ligand, which shows irreversible reduction. Surprisingly, the reduction potential of the 
electron deficient quinoxaline cluster, [Os3(CO)9(|i3-îl^-(C8H5N2)(|J--H)], 7, was 
irreversible. Completely opposite behavior is found for the quinoxaline clusters
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
containing triphenylsilane ligands. In this case, the electron deficient quinoxaline 
complex of triphenylsilane [Os3(CO)8(fi3-ri^-C8H5N2)(SiPh3)(|a-H)2], 19, shows one- 
electron reversible reduction potential at -1.43 V while the electron precise cluster, 
[Os3(CO)8(|a-ri^-(L-H)(SiPh3)(|i-H)2], 2 0 , shows irreversible reduction at more negative 
values ( -1.78 V). These results indicate that the SiPh3 group might play an important role 
on the reversible reduction potentials for the above two clusters. Very similar behavior 
was found in the case of 2-methylquinoxaline cluster containing triphenyltin ligand, 21. 
However, the electron deficient SnPh3 cluster, 21, shows one-electron reversible 
reduction at much less negative value (-1.36 V) than that of 19.
Table 5.1 Reduction potential of compounds 19-24 in CH2CI2 relative to Fc/Fc^
Compound Reductions (V)
19 -1.43 (Erev, le  )
20 -1.78 (Eirr)
21 -1.36 (Erev, le  )
22 -1.72 (EiRR)
23 -1.49 (Eqrev, le  )
24 -1.61 (EREV, le )
Compound 23 shows quasi-reversible reduction at -1.49 V, which is very similar to the 
electron deficient 5,6-benzoquinoline clusters, 5. The latter shows a reversible reduction 
at -1.52 V, which again emphasizes the role of SiPhs ligands. The triphenyl group in 
compound 23 seems to have a destabilizing effect on the stability of the resulting radical 
anions, which contradicts our previous result on quinoxaline clusters containing SiPh3 .
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Natural population analysis and/or spin density distribution patterns might help us to 
understand the radical stabilities in these complexes.
Quinoline cluster with SiPhg, 22, undergoes irreversible reduction at -1.72 V. In the 
case of [Os3 (CO)9 (|i-ri^-(L-H)(PPh3)(|i-H)] (L = quinoline-4-carboxaldehyde), 24, 
undergoes one-electron reversible reductions at a slightly more negative potential (-1.61 
V) than the electron precise precursor, 13 (Table 4.1, chapter 4) as expected due to the 
electronic contribution from the triphenylphosphine ligand.
5.2.2 Electrochemistry of Water Soluble Triosmium Clusters
The complex, [Os3(CO)9(|0,-ri^-(L-H)(P(OCH2CH2NMe3)3l3)(|i-H)] (L = quinoxaline,
25, Figure 5.2), shows a reversible half-wave in aqueous solution (pH 4-5) at -0.62 V vs. 
SCE (Table 5.2) at a scan rate of 500 mV/s. The free ligand quinoxaline shows 
irreversible reduction on the cyclic voltammetry time scale in both aqueous and non- 
aqueous media. A second overlapping reduction is found at a more negative value, which 
prompted us to make a more detailed investigation.
Table 5.2 Polarographic half-wave potential in aqueous media, in V vs. SCE
Compound pH E,/2(V)
25 4.5 -0.62 -0.76
.8.7 -0.85 -0.97
26 4.5 -0.71 -0.99
8.7 -0.90 -1.09
27 4.5 -1.09 -1.51
8.7 -1.32 -1.78
28 8.7 -1.45“
“111 defined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
Polarography of 25 in water/0.1 M KCl or phosphate buffer shows two overlapping 
cathodic waves. Half-wave potentials of both waves are dependent on the pH value, 
which indicates participation of protonation equilibria in the reduction process. The wave 
at more positive potential decreases in height on going from acidic to alkaline solution 
but the overall height of the overlapped waves remains constant up to pH 10. Controlled 
potential coulometry performed either at the potential limiting current plateau of the first 
wave or at the potential behind the second wave gives approximately the same value of 
charge consumption (1.5 F/mol). Control of the pH can be achieved by means of a 
H3PO4/CH3COOH/H3BO3 buffer solution. At pH values lower than 7, CV performed on a 
glassy carbon electrode shows that the first electron reduction is reversible on the CV 
time scale (Figure 5.4), at a scan rates as low as 50 mV/s.
The second reduction waves overlaps with the first, as the pH values are raised by 
stepwise addition of concentrated NaOH (Figure 5.5). Also the intensity of the both 
cathodic peaks is pH dependent, and the decrease in current associated with the first 
reduction peak correlates with an increase of current for the second reduction peaks. This 
can be easily visualized quantitatively by square wave voltammetry (Figure 5.6).
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Figure 5.4 Cyclic voltammetry of buffered solutions of 25 at 200 mV/s on GC electrode 
at pH 2.2, 3.0 and 4.3.
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Figure 5.5 Cyclic voltammetry of buffered solutions of 25 at 200 mV/s on GC electrode 
at pH 6.1, 8.7 and 11.0.
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Figure 5.6 Square wave voltammetry (SWV) of buffered solutions of 25 at 30 Hz, at pH 
2.0, 4.1 and 6.25
These results lead to the conclusion that the reduction process in both waves proceed 
with proton consumption and lead to the same reduction products. This interpretation is 
supported by polarographic monitoring in non-buffered solutions during electrolysis and 
formation of hydroxyl ions as detected by the appearance of an anodic wave on the 
mercury electrode at ca. 0.08 V (vs. SCE). Using a standard addition of NaOH, it could 
be determined that the consumption of one electron results in the formation of one 
hydroxyl ion."^ The more positive reduction wave, which is larger in acidic solutions, 
can be ascribed to the reduction of the protonated complex and the second wave to the 
reduction of non-protonated species followed by protonation of the reduced form. This is 
supported by the fact that the aromatic proton resonances of 25 sharpen and show 
increasing down field shifts as acid is added to a solution of 25 in D2O. The sharpening is
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an indication of a decreasing tendency to aggregate as positive charge is placed on the 
aromatic ring/'^^ The hydride signal located at 12.97 ppm is not pH dependent; no other 
hydride resonance appears during the whole titration ruling out the possibility of a 
protonation process at the metal triangle. Lowering the pH from 7 to 1.4 results in small 
downfield shifts for the aromatic resonances with the signal at 9.7 ppm attributable to the 
proton adjacent to the uncoordinated nitrogen undergoing the largest downfield shift due 
to aromatic ring protonation at that atom.
That 1.5 F/mol are consumed as observed by coulometry could be the result of 
competitive follow-up reactions of the reduced, protonated complex; hydrogen evolution 
with regeneration of the oxidized form of the complex and a reaction leading to 
degradation of the cluster structure.
The pH dependence of the polarographic half-wave potential in the case of the le 
reduction process (Ox -tie Red), with protonation of both oxidized and reduced
forms (Ox 4- H^ = =  OxH^ and Red + RedH^), should follow the equation
(assuming equal diffusion coefficients)."^’” ^
E , /2  = Eo -t (RT / F)ln(Ka/K'a) + (RT / F) ln[(K'a + [H+]) / (Ka + [H+]), (5.1)
where Ka, K'a are the equilibrium dissociation constants of the protonated oxidized and 
reduced forms, respectively.
Ka = ([Ox][H+]) / [OxH+], K'a = ([Red][H+]) / [RedH+j.
Three limiting cases can be considered:
1. In very acid solutions, where [H^j »  Ka, K'a, the half-wave potential is independent of 
pH and is shifted versus standard potential according to relation 
Ei/2 = E o - t ( R T/ F )  In (Ka/K'a).
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2. In the pH range pKa< pH < pK'a, i.e., Ka »  [H^] »  K'a, the equation (5.1) is 
simplified to
Ei/2 = Eo + (RT / F) In (Ka/K'a) + (RT / F) In ([H+]) / Ka, (5.2)
i.e., at 25 °C
Ei/2 = Eo + 0.059 pK'a - 0.059 pH (5.3)
and a negative potential shift of 59 mV/pH is expected.
3. In alkaline solutions, [H^] «  Ka, K ' a ,  the reduction proceeds at the standard potential, 
Ei/2 = Eo.
The experimentally observed potential shift is linear in the measured range of pH 2-10 
and slopes 61 mV/pH are observed. Therefore, from the theoretical relations given the 
dissociation constants Ka ~ 1 0 '  ̂ and K'a ~ 1 0 ’’ ,̂ for oxidized and reduced complex 
respectively can be estimated (Figure 5.7). The plotting of Fig. 5.7 as an S curve instead 
of a straight line is based on the calculated values of E 1/2 at high pH using the above 
analysis. Unfortunately, it was not possible to check this because of precipitation in the 
solutions examined above pH 10. In any case, the estimates of Ka and K'a are taken from 
the linear region and should be not be significantly impacted by this approximation.
The splitting of the polarographic wave into two overlapping waves and the variation 
of their heights with pH can be ascribed to an insufficiently mobile equilibrium due to a 
low value for the rate constant of protonation of the complex in its oxidized form."^
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Figure 5.7 Dependence of the polarographic half-wave potential of the reduction wave 
of (25) on pH; experimental values (■) and calculated (Eq. (5.1)) curve for pKa = 2, pK'a 
=  10.
The cyclic voltammetry measurements are in agreement with the above-proposed 
mechanism. The reduction in the first wave appears as a reversible cathodic/ anodic peak 
couple. The reoxidation after the cathodic scan going to the second reduction peak 
proceeds only at the first, more positive wave due to a fast protonation/slow 
deprotonation of the reduced cluster.
The polarographic limiting current behind the reduction wave(s) significantly 
decreases (by ca. 30%) between the pH values 11-12 and the solution color changes from 
red to green. Obviously, this unknown transformation of the complex stops the side
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reaction of proton reduction, which increases the Polarographic current in more acidic 
solutions.
The complex 25 exhibits two polarographic reduction waves at -1.52 and -2.01 V (vs. 
Fc/Fc"^) in CH3CN/O.I M tetrabutylammonium hexaflurophosphate (Table 5.3). The 
limiting current both behind the first and second wave grows irregularly, which indicates 
the formation of decomposed products from the reduced species. Cyclic voltammetry 
shows reversibility of the first reduction at higher scan rates (5 V/s). The second 
reduction appears to be irreversible with only a small anodic counter peak. Coulometry 
gives one-electron/mol for the first wave. After the second one-electron reduction both 
waves disappear and several new waves of decomposed products appear at more negative 
potentials. Reduction directly at the potential behind the second electron gives 2-2.5 
F/mol of consumption and precipitate is formed in the solution. The complex, 25, showed 
a more stable reduction product at less negative potential in aqueous media rather than in 
non-aqueous media.
The complex 26 in dimethylformamide solution is reversible in a one-electron 
reversible polarographic wave at -1.74 V (vs. Fc/Fc"^). Reversibility was confirmed by 
cyclic voltammetry and the charge consumption by controlled potential coulometry. In 
contrast, the complexes 27 and 28 do not exhibit reversible reduction in acetonitrile or 
dimethylformamide within the range of 0.05-40 V/s of scan rate. This indicates a fast 
chemical reaction following the charge transfer forming electro-inactive species.
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Table 5.3 Polarographic half-wave potentials of 25-30 in non-aqueous media, in V vs. 
Fc/Fc+
ipound Solvent Ei/2 (V)
25 CH3CN -1.52, -2.01
DMF -1.56, -2.01
26 DMF -1.74
27 CH3CN -1.89
28 CH3CN -1.81
5.2.3 Electrochemical Behavior of Diazomethane Products
The electrochemical behavior of the diazomethane reaction products is very similar to 
the precursor quinoxaline triosmium complexes, 7 ' (Figure 4.1, chapter 3). The 
electrochemical reduction potentials of the complexes are provided in Table 5.4. The 
quinoxaline containing complexes 31, 32, 34 and 35 all show reversible one electron 
reduction potentials at -1.70, -1.64, -1.74 and -1.65 V in CH2CI2 vs. Fc/Fc"  ̂ respectively 
whereas the 5,6-benzoquinoline and 4-methylquinoline clusters 33 and 36 show an 
irreversible reduction both at -2.24 V (Table 5.4). Cyclic voltammograms are shown for 
31 and 32 in Figure 5.8. The similar reduction potentials of the quinoxaline containing 
48-electron cluster, Os3(CO)io(p-ri^-C8H5N2)(p-H) (7'), 32 and 35 suggest that the 
binding mode of the heterocycle to the metal cluster has a little effect on their reduction 
potentials. This is in agreement with our previously reported DFT calculations, which 
showed that the LUMO is predominantly ligand based for the previously studied 
Os3(CO)io(p-T|^-C8H5N2).’‘̂’*̂ ’"^ The methyl substitutent on the quinoxaline ring shifts 
the reduction potential about 60-90 mV towards more negative potential due to the 
expected electron donating effect of the methyl group. It would appear that the cluster
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acts as an electron sink for the bonding electrons of the heterocycle, delocalizing them 
onto the core and the carbonyl ligands and that this delocalization takes place whether the 
C(8 ) carbon of the quinoxaline ring is directly bound to the metal or connected through a 
methylidene or methylidyne carbon with concomitant stabilization of the LUMO. The 
relatively short C-C distances between C(8 ) and these carbons implies some conjugation 
with the ring in these systems (1.489 and 1.497Â).'°^ This effect is large enough to 
sufficiently stabilize the radical anions of the more electron poor heterocycle quinoxaline, 
and makes the reductions reversible. This is not the case for the relatively more electron 
rich quinoline and related benzoheterocyles such as phenanthridine, 5,6-benzoquinoline.
Table 5.4 Reduction potential of compounds 31-36 in CH2CI2 relative to Fc/Fc"^
Compound Reductions (V)
31 -1.70 (Frev)
32 -1.64 (Frev)
33 -2.24 (F irr)
34 -1.74 (Frev)
35 -1.65 (Frev)
36 -2.24(EiRR)
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Figure 5.8 Cyclic voltammogram of 31 and 32 at 400 mV/s vs. Fc/Fc"^
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5.3 Density Functional Theory Calculations
DFT calculations were carried out on complexes 19, 31 and 32. The optimized
geometries gave bond lengths and angles that are in good agreement with the 
experimentally determined bond l e n g t h s e x c e p t  one of the metal-metal bond (Os(2 )- 
Os(3)) for 31 is slightly longer (Figure 5.9 and data shown for 31 and 32 in Tables 5.5 
and 5.6). Spin density distribution of 19 is given in Figure 5.10 (scaled to 1000 for le). It 
shows that the spin densities largely localized at 2, 5 and 7 positions of the ligand, which 
is very similar to spin density distributions in electron deficient complexes for example 
phenanthridine complex, 5 (Chapter 3). In this case, there are also reasonable amounts of 
spin density on the silicon and osmium metals especially the Os’s bonded to C 8 . The 
stability of the radical anion of 19 is probably due to this additional localization of the 
spin densities at the metal core.
Spin density calculations (lowest energy minima and in an open shell conformation) on 
the radical anions of 31 and 32 reveal that most of the spin density is distributed within 
the ring at the two nitrogen atoms and at positions 2 and 5 of the ring (scaled to 1000 for 
le '. Figure 5.11). The net Natural charge Population Analysis (NPA) of the C-H groups 
on the heterocyclic ring of 31 and 32 reveals localization of the most positive charges at 
the C-2 and C-3 position (Figure 5.12). NPA indicates the charge distribution in a 
molecule (where the electron resides in a molecule) where as spin density reveals the 
location of an electron at a point in space in an odd electron system.
There is also a significant amount of positive charge distributed on the carbonyl of 
O s(l) and particularly at the axial carbonyl of Os(2) for 31 (Figures 5.9 and 5.12). 
Similar charge distribution patterns were also found for compound 32. The charge 
distributions at the C-2 and C-3 positions are very similar. However, the spin density
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calculation shows that more spin density is localized at C-2 rather than at C-3 position. 
Another interesting feature is found at C-5 position, which has a very similar net charge 
to C- 6  or C-7 positions but where significant spin density is found suggesting particular 
stabilization of the resulting radical anion probably due to its pam-relationship to the 
cluster bound carbon atom which can delocalize bonded electrons to the cluster. Most 
importantly, in general the higher the positive charges at a particular position the higher 
the calculated spin density at that position (Figures 5.11 and 5.12). The natural charge 
analysis of radicals of 31 and 32 show that the natural charges at C-2 and on the nitrogen 
atoms are shifted significantly towards more negative than on any other atoms. Notably 
the carbonyl carbons do not show nearly the change in net charge consistent with the idea 
that most of the charge due to the added electron remains in the heteroeycle. The 
stabilities of the radicals of these complexes on the cyclic voltammetry time scale are 
thus mainly due to the distribution of unpaired spin density into the heterocyclic ring and 
this explains the difference in behavior between quinoline and quinoxaline. The rather 
narrow range in measured reduction potentials observed for 31, 32, 34 and 35 relative to 
the diversity in bonding modes 31 and 32 vs. 34, 35 and T  is surprising and is not 
reflected in the NPA analysis. These could be due to the fact that all compounds are 48- 
electron clusters, and does not have much electronic communication between the clusters 
and the ligands to have significant effect on their reduction potentials.
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Figure 5.9 Crystal structures of 31 (top) and 32 (bottom)
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Table 5.5 continued
Bond angles
31 32
0s(3)-0s(2)-0s(l) 58.230(18) 0s(l)-0s(2)-0s(3) 58.379(17)
0s(2)-0s(3)-0s(l) 64.229(12) 0s(2)-0s(l)-0s(3) 64.47(2)
0s(3)-0s(l)-0s(2) 57.541(12) 0s(l)-0s(3)-0s(2) 57.16(2)
C (5)-0s(2)-0s(l) 114.02(19) C (3)-0s(l)-0s(2) 93.8(5)
N (l)-0s(2)-0s(3) 89.56(11) C (2)-0s(l)-0s(2) 92.6(4)
(:(l)-()s(l)-()s(3) 94.41(17) C (2)-0s(l)-0s(3) 120.3(4)
(:(8)-C)s(3)-()s(l) 120.10(17) N (l)-0 s(2 )-0s(l) 88.3(3)
C (3)-0s(l)-0s(2) 111.23(19) Os(l)-C(10)-Os(3) 82.0(4)
C(19)-Os(3)-Os(l) 49.09(13) C (l)-0s(l)-0s(2) 168.1(5)
C (19)-0s(l)-0s(3) 44.88(13) C (10)-0s(l)-0s(2) 82.5(3)
Os(3)-C(19)-Os(l) 82.03(17) (:(l)-()s(l)-()s(3) 103.9(5)
C (10)-0s(l)-0s(3) 49.5(3)
C(5)-0s(2)-N(l) 89.0(5)
C (6)-0s(2)-0s(l) 172.9(5)
C (10)-0s(3)-0s(l) 48.5(3)
C(10)-0s(3)-0s(2) 77.2(4)
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Table 5.6 continued 
Bond Angles
31 32
0s(3)-0s(2)-0s(l) 5&32 0s(l)-0s(2)-0s(3) 5837
0s(2)-0s(3)-0s(l) 64.81 0s(2 )-0s(l)-0s(3 ) 64.81
0s(3)-0s(l)-0s(2) 5&85 0s(l)-0s(3)-0s(2) 5630
C(5)-Os(2)-Os(l) 113.67 C (3)-0s(l)-0s(2) 92.85
N(l)-Os(2)-Os(3) 90.46 C(2)-Os(l)-Os(2) 93.11
(:(l)-()s(l)-()s(3) 94.73 C (2)-0s(l)-0s(3) 120.34
(:(8)-()s(3)-C)s(l) 120.31 bf(l)-()s(2)-()s(l) 90.36
C (3)-0s(l)-0s(2) 110.78 Os(l)-C(10)-Os(3) 83.50
C (19)-0s(3)-0s(l) 48.17 C (l)-0s(l)-0s(2 ) 167.61
C (19)-0s(l)-0s(3) 4633 C (10)-0s(l)-0s(2) 81.29
0s(3)-C (19)-0s(l) 8T49 (:(l)-()s(l)-0s(3) 102.88
C (10)-0s(l)-0s(3) 48.31
C(5)-0s(2)-N(l) 88.38
C (6)-0s(2)-0s(l) 171.53
C (10)-0s(3)-0s(l) 48.17
C(10)-0s(3)-0s(2) 75.89
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Figure 5.10 The scaled distribution of unpaired spin density in 19. The numbers shown 
are the unpaired spin density multiplied by 10 .̂ The sum of all the numbers divided by 
1 0 ^ = 1  electron
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-124
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Figure 5.11 The scaled distribution of unpaired spin density in 31 and 32. The numbers 
shown are the unpaired spin density multiplied by 10 .̂ The sum of all the numbers 
divided by 1 0 ^= 1 electron
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Figure 5.12 The distribution of natural charge in 31, 32 and the corresponding radical 
anions. Sum of the natural charges of C and O and C and H are shown on the CO groups 
and on the benzoheterocycle, respectively
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5.4 Conclusions
In general, electron deficient clusters show reduction at less negative potentials than 
the electron precise precursors (Table 5.1, 19 vs. 20). Triphenylsilane plays an important 
role in determining the stabilities of the radical anions. Spin density calculation bears this 
out in the case of 19. In almost all cases, the quinoxaline ligand attached to osmium 
clusters shows reversible reduction except in compounds 7 and 20, which is surprising 
and needs further investigation to understand the electrochemical behavior. However, the 
reduction potential and the stabilities of the radical anions of 5,6-benzoquinoline clusters 
were very different and depend on the different bonding mode of the clusters and/or the 
added ligands. All the 5,6-benzoquinoline clusters under investigation here show quasi- 
reversible and irreversible reduction potentials while the electron deficient cluster, 5 
(Chapter 2) shows reversible reduction.
In the case of compounds 31-36, it is interesting to note that the binding of the electron 
poor quinoxaline ring to the cluster with a variety of bonding modes and gives one- 
electron reversible clusters at similar potentials, whereas the free ligand shows 
irreversible reduction at more negative potentials. It would appear that coordination of 
the heterocycle to the osmium core in almost any bonding arrangement is sufficient to 
stabilize radical anions on the cyclic voltammetry time scale relative to the free ligand. 
This is only true however, for electron precise clusters with relatively electron poor 
heterocycles. The natural charge population analysis and spin density calculations also 
demonstrate that charge localization in the heterocyclic ring is the primary origin of the 
radical stabilities of compounds 31 and 32.
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5.5 Experimental Section
5.5.1 Materials and General Considerations
The benzoheterocycles triosmium clusters of general formula, [Os3 (CO)9 (|i3-r|^-(L-
H))(|i-H)] (L = quinoxaline, 2-methylquinoxaline, quinoline, phenanthridine, quinoline- 
4-carboxaldehyde) were synthesized according to published procedures.^^’''^  The 
benzoheterocycle triosmium clusters, [Os3 (CO)g(|a3-T|^-(L-H))(MPh3)(|a-H)2] (L = 
quinoxaline, M = Si, 19; 4-methylquinoxaline, M = Sn, 21; quinoline, M = Si, 22 and 
phenanthridine, M = Si, 23), [Os3(CO)9(|l -Ti^-(L-H))(MPh3)(|j.-H)2] ( L = quinoxaline, M 
= Si, 20) and [Os3(CO)9(|a -T|^-(L-H))(PPh3)(|i-H)] (L = quinoline-4-carboxaldehyde) 
were synthesized according to the literature p r o c e d u r e s . T h e  water soluble clusters in 
Figure 5.2 were prepared according to published p r o c e d u r e . T h e  inserted methylidene 
and methylidyne compounds of triosmium cluster were prepared according to literature 
p r o c e d u r e . O s m i u m  carbonyl was purchased from Strem Chemicals and used as 
received.
5.5.2 Electrochemistry
Electrochemical measurements were performed using an EG&G Princeton Applied
Research Potentiostat/Galvanostat Model M273 and a BAS CV-50W analyzer equipped 
with a standard three-electrode cell. This cell was designed to allow the tip of the 
reference electrode to approach closely to the working electrode. Voltammetric 
experiments were performed using aqueous Ag/AgCl and standard calomel electrode 
(SCE) as a reference electrode, a glossy carbon (GC) and dropping mercury electrode 
(DME) as a working and platimum wire as the auxiliary electrode. Potential data are
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referred to the ferrocene (0/+) couple, which is oxidized in CH2CI2 at + 0.48 V vs. 
Ag/AgCl. All solutions used for electrochemical measurements were deoxygenated with 
an argon purge and kept under argon flux during the measurements. THF was freshly 
distilled from benzophenone ketyl and CH2CI2 from phosphorus pentoxide. The pH- 
measurements were performed with an Amel 334-B pH-meter. Aqueous electrochemical 
measurements were performed using the following buffer: 0.72 mL of 80% H3PO4 , 0.57 
mL of glacial CH3COOH, 0.62 g of H3BO3 dissolved in water to make 250 mL of stock 
solution. The pH values between 1.8 and 12.0 can be obtained by adding controlled 
amount of 4 M NaOH. Electrochemical measurements in organic solvents were done 
using 0.1 M tetrabutylammonium hexaflurophosphate, BU4NPF6 as the supporting 
electrolyte. In aqueous solutions, measurements were recorded against a SCE reference 
electrode. The non-aqueous reduction potentials are reported with reference to the Fc/Fc^ 
in the appropriate solvent.
5.5.3 Com putational Details
Density Functional Theory (DFT) calculations were performed using the Gaussian 98
and 03 program.^^ The molecular structures from single crystal X-ray structure 
determinations were used for geometry optimization. We used restricted Beeke three- 
parameter hybrid functional^^ and Lee-Yang-Parr’s gradient-corrected correlation 
function (B3LYP) throughout.^'^ The basis sets employed were LanL2dz for the osmium 
atoms, using the relativistic effective core potential (ECP), which replaces the inner core 
electrons and 6-3IG for the other atoms in all the calculations. No symmetry restrictions 
were placed on the optimizations. Stationary point was determined by performing normal 
mode analyses on the optimized structures.
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Chapter 6 
Conclusion and Future Directions
6.1 Conclusion
The electrochemical behavior, spectroscopic and computational studies of the radical 
anions of triosmium clusters of the general formula [Os3 (CO)io-i(|im-Tl^-(L-H)(|a,-H)] (1 = 
0, 1; m = 2 or 3; L = benzoheterocycle) as well as the clusters derived from these by 
further modification with EPhs (E = Si, Sn, P) and CH2N2 (1-36) have been studied. A 
conclusion of these studies is discussed at the end of each chapter. The general 
conclusions of the entire project are summarized here.
From our studies we have concluded that the relative stabilities of the radical anions 
depend on several factors:
1) The influence of metal clusters on the benzoheterocycles: The 
benzoheterocycles bound to triosmium clusters showed reduction at much less 
negative potentials than the free ligands. The clusters act as an electron sink by 
delocalizing the electron from the bound heterocycles to the metal core, which in 
turns lowers the LUMO energy of the ligands. So it is amenable to put an electron 
in a low energy LUMO, and form a stable radical anion.
2) The bonding mode of the clusters: In general, the electron deficient clusters 
with |a3-T|^-bonding mode showed reduction potentials at less negative values than 
their electron precise precursors. However, in the case of quinoxaline compounds 
(31 and 34 and 32 and 35) the reduction potentials of the compounds were not 
affected by the bonding mode. Computational studies bear out the fact that the
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quinoxaline ring is the primary origin of the radical stabilities of these compounds 
in almost any bonding mode.
3) The nature of heterocycles: The variation of ligands results in much larger 
variation of the second-reduction potential when compared to the first-reduction 
process, the electrode potential of which is appreciably modified by the 
heterocycle. This observation corroborates with the hypothesis that the first 
electron transfer is at the metal core, and the second electron transfer involves a 
molecular orbital with larger contributions from the heterocyclic ligand. In the 
electronic spectra of the clusters, we have also found that the metal to ligand 
charge transfer bands are relatively insensitive to changes in the heterocycle 
except for 7', which shows a band at much longer wavelengths, 486 nm (Tables 
2.6-2.8). Our results also lead to the conclusion that the first reduction potentials 
are appreciably modified by the heterocycles and in particular for the quinoline 
series substituted in the 5-position.
4) Relative distribution of positive charge: Computational studies show reasonable 
correlation between the natural charge population and the spin density. 
Spectroscopic studies showed reasonable correlation with the computational 
studies. For the electron deficient clusters, charges are well dispersed on 
heterocycles and the metal core due to the three-centered two-electron bond, 
resulting in a more stable radical anion. However, this is true only for the electron 
poor or conjugated aromatic heterocycles. In the case of electron precise clusters, 
the structure of the heterocycles is the primary factor for the radical stabilities as
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we have seen for quinoxaline where the charge is localized only on the 
heterocyclic ring.
The implication of these studies is useful for developing the new synthetic route to 
synthesize benzoheterocycles of bio-medical interest and also designing markers for bio­
macromolecules.
• Functionalizing Benzoheterocycles: We have developed an excellent way of 
functionalizing the benzoheterocycles either through carbanions or radical 
chemistry. Nucleophiles can be added regio- and stereo-selectively to carbocyclic 
rings, the sites of electrophilic attack in the free ligand. On the other hand, 
electrophiles can be added at a specific point on the benzoheterocycles via radical 
chemistry. Spin density calculation can predict the location of the most unpaired 
spins, which can be verified further by spectroscopie techniques. The 
functionalized benzoheterocylecs can be cleaved from the cluster at a reasonable 
yield to obtain the new benzoheterocycles of interest.
• Developing Bio-markers: Another area of investigation is developing biomarkers 
of polymetallic complexes to elucidate the structure and function of biological 
system due to their various advantages. Benzoheterocycle of our interest have 
important biomedical application itself. These compounds are already known
e g  C 'y 1 'V 1 1 n o
binding agents to DNA, proteins, and neurotransmitter receptors sites. ’ ’ 
Triosmium benzoheterocycles are particularly well suited for development as 
markers for bio-macromolecules for the following reasons: 1) The presence of the 
trimetallic eore allows direct extraction of phase information from single crystal 
and low angle X-ray studies when the group interacting with the bio­
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macromolecule is bound to a trimetallic core.'^”̂ 2) Positive and/or negative 
charges can be placed on the metal eore and on the ring to impart water solubility. 
The resulting charged clusters are stable in water over a wide range of pH owing 
to the air and thermal stability of the triosmium framework.^*’̂ ’̂̂  ̂The synthesis of 
complexes with like charges on both the ring and metal should prevent 
aggregation of these clusters in aqueous solution, allowing for more molecule 
specific interactions and sharper spectroscopic signals. 3) Direct visualization 
with electron microscopy is possible. 4) The target clusters possess carbonyl and 
hydride ligands that have infrared (CO stretching, 1800-2200 cm ’) and NMR 
signals (hydride, 610-20) in regions where proteins and polynucleotides are silent.
5) The synthetic methods developed for modifying the structure of the 
benzoheterocycle ring will allow extension of the ring systems to increase binding 
by intercalation and the construction of peptide tethers. Both of these types of 
modifications will enhance binding and specificity.^^’̂ ” In addition, water soluble 
triosmium clusters are electrochemically active, which would aid in a sensitive 
method of detection and/or electron transfer induced cleavage of the bio- 
maeromolecules.
6.2 Future Directions
6.2.1 Computational Studies
Recently, we have started to use DFT calculations and the resulting natural charge 
population analysis of the clusters to understand electron distribution in these systems. 
We have demonstrated reasonable correlation with the spin density calculation and thus
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have helped to understand the radical stabilities in terms of charge distribution. We have 
performed the NPA analysis for only few compounds (13, 14, 32 and 33). The natural 
population analysis and spin density calculations should be performed for all the 
remaining clusters, which showed reversible reduction potentials. We can also perform 
the computational studies in advance, and would be able to predict whether the clusters 
can be stable enough to form stable radical anions.
6.2.2 Reactivity Studies of the Radical Anions of 5 and 6
The selective line broadening observed in the ’H NMR data of partially reduced radical 
anions of 5, 6 and 13 (Figure 3.1) implies a concentration of unpaired electron spin 
density at the specific positions of the heterocycles of phenanthridine, 5,6-benzoquinoline 
and quinoline-4-carboxaldehyde (Chapters 3 and 4). The degree of line broadening is 
related to the unpaired spin density at that site (Figures 3.9 and 4.4). The clusters were 
reduced partially even with stronger reducing agent such as sodium metal, which could 
be due to the heterogeneous reaction mixture. It would be useful to investigate the 
chemical reduction of these clusters with soluble aromatic radical anions (sodium 
anthracene or naphthalene radicals) with the goal of realizing more fully reduced species. 
The reactivity of these species can be explored with spin traps (2-methyl-2- 
nitrosopropane) and electrophiles (CO2 , halogens, alkyl halides etc) which might provide 
regioselective reaction products.
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Scheme 6.1 Reaction of radical anions of naphthalene with electrophile
It is well known that the electrophiles such as carbon dioxide and alkyl halide react 
with aromatic radicals generated from naphthalene and anthracene (Scheme 6.1).'^^’'^  ̂
Regioselective reactions with the electrophiles as predicted from the observed line 
broadening would lead to the regio-isomers shown in scheme 6.2. Structure 5a is 
predicted on the basis that reaction of the electrophile at C7 position would lead to radical 
at the C8 position. This radical can accept an electron from a second molecule of radical 
anions, which can react with another mole of electrophile to give 5a. Electrophiles can 
also attack at the C9 position, which would lead to a metal based radical. This radical can 
accept an electron from a second molecule of radical anions at the metal core which upon 
protonation can result the dihydride compound 5b. Similar arguments hold for the 
compounds 6a 6c. It is difficult to predict whether one or all of regioisomers indicated 
would form and this may also depend on the steric bulk of the electrophiles. The reaction 
of radicals with a range of alkyl halides including 1°, 2°, 3° chlorides and iodides can 
perform to establish the sensitivity of the regioselectivity of the reactions towards the 
steric bulk of the halogen atom and the alkyl groups.
We can also examine the reactivity of radical anions of 5 and 6 with 1,3- 
dichloropropane that has been shown to form a five membered across the 1,2 position of 
naphthalene on reaction with sodium napthalide.'^^ In the case of 5 and 6 analogous
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reactions would lead to a novel tetracyclic system with five membered ring across the 
7,8-position of 5 and the 5,6- or 7,8-position of 6. If the above mentioned reactions of 
these radical anions work, then an investigation of broader range of electrophiles (such as 
alkyl vinyl ethers and electrophilic olefins) with the radicals can be pursued. In the case 
of radical anions of aromatic hydrocarbon, electron transfer and polymerization are the 
most common pathways, although alkylation can occur s o m e t i m e s . T h e  radical anions 
are much more stable so nucleophilic attack may be preferred over electron transfer. All 
the products produced from these reactions will be interest from a pharmacological point 
of view, since these compounds will represent new modifications of the subject 
benzoheterocycles. The dicarboxylic acids are particularly interesting in the light of 
known activity of the 2,4-quinoline dicarboxylates.^^’*̂ *
HO2C
I /
O s ~ O s - O s —  or Os- Os  —O s -
Os
5b5a5 “
CO2H
HO, C,
CO9/H+'2'n \  / \  \  /  \
 O s - \  O s ~ _  or
6a
HO, C,
H O , C
Os  - \  Os  —  or
/ M / I
6c
Scheme 6.2 Reactions of radical anions of 5 and 6 with electrophiles
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Radical anions of aromatic hydrocarbons undergo protonation at the site of high 
electron de ns i t y P r o t o n a t i o n  often followed by electron transfer from a second radical 
anion and then a protonation to give for example 1,4-dihydronapthaline from sodium 
naphthalide. It is more likely that similar dihydro complex can be found from the 
compounds 5 and 6.
Similar studies can be performed with all the other clusters which formed stable radical 
anions upon one-electron reduction. These studies would open a route to functionalize the 
heterocycles through radical chemistry.
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Appendix 
Appendix A
Common terms and Acronyms
The page on which the term or acronym is first described is provided in parenthesis at the 
end of each entry.
3-21G; A Basis Set in which each inner-shell Basis Function is written in terms of three 
Gaussians, and each valence-shell Basis Function is split into two parts, written in 
terms of two and one Gaussians, respectively. 3-21G is a Split-Valence Basis Set. 
6-31G; A Basis Set in which each inner-shell Basis Function is written in terms of six 
Gaussians, and each valence-shell Basis Function is split into two parts, written in 
terms of three and one Gaussians, respectively. 6-31G is a Split-Valence Basis 
Set.
6-311++G(d): A Basis Set in which each inner-shell Basis Function is written in terms of 
six Gaussian, and each valence-shell Basis Function is split into three parts, 
written in terms of three, one and one Gaussians, respectively. In addition, all 
non-hydrogen atoms are supplemented by diffuse s and p-type Gaussians (Diffuse 
functions) and hydrogens are supplemented by p and d-type Gaussians 
(Polarization Function). 6-31l4-4-G(d) is a Polarization Basis Set.
Ab Initio Models: The general terms used to describe methods seeking approximate 
solutions to the many electron Schrodinger Equation, but which do not involve 
empirical parameters. Ab initio models include Hartee-Fock Models, Mpller- 
Plesset Models and some Density Functional Models. (17)
B3LYP: B ecke- style-3 -Parameter Density Functional Theory (using the Lee-Yang-Parr 
correlation functional)
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Basis Function; Functions usually centered on atoms which are linearly combined to 
make up the set of Molecular orbitals.
Basis Set: A basis set is a mathematical representation of the molecular orbitals within a 
molecule. (59)
Density Functional Theory: Methods in which the energy is evaluated as a function of 
the Electron Density. Electron Correlation is taken into account explicitly by 
incorporating into the Hamiltonian terms which derive from exact solutions of 
“idealized” many-electron systems. (41)
LanL2DZ: Los Alamos ECP (Effective Core Potential) with Double Zeta basis set. 
Natural charge Population Analysis (NPA): For the NPA scheme, the atomic alpha- 
and beta-spin densities are combined with half of the nuclear charge to yield the 
corresponding "Natural Charge" of alpha- and beta-type. NPA indicates the 
charge distribution in a molecule. (75)
Semi Empirical: Quantum mechanical methods that seek approximate solutions to many 
electrons Schrodinger Equation, but which involve empirical parameters (17)
Spin Density: In open shell systems the alpha- and beta-spin orbitals are not identical and 
population analyses can thus be performed separately for both densities. While 
accumulation of alpha- and beta-spin densities over atoms still yields atomic 
charges, the difference between alpha- and beta-spin densities corresponds to the 
unpaired spin density at a given center. (55)
For doublet systems the sum of all atomic spin density values should equate 
exactly to 1.0. The spin densities should, of course, be highest at the formal 
radical center of a given species.
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Appendix B
Parameters for Density Functional Theory Calculations
1. Input file for Optimization in Gaussian 98:
%Mem=4 8MW 
% n p r o c = 8  
% c h k = O s P h . c h k
# o p t  b S l y p  G e n  P s e u d o = R e a d  S C F ( T i g h t , M a x C y c l e = 1 2 8 )
T I T L E :  O p t i m i z a t i o n  o f  O s - P h e n a n t h r i d i n e ( 5 )
0 1 
Os 
Os 
Os 
H
1
2
3
2 . 7 5 7 5 6 9  
2 . 7 6 3 6 0 5  
1 . 8 5 2 1 2 2
1
2
6 0 . 1 5 0 0 6 7  
85  . 0 5 4 7 8 1 1 3 5 . 3 1 8 5 6 2
N 2 2 . 1 7 2 5 8 1 1 8 5 . 6 7 1 4 0 8 3 - 8 8 . 7 6 1 8 4 5
C 5 1 . 1 9 1 2 6 9 2 1 2 6  . 1 2 7 5 3 5 1 - 1 5 4  . 1 0 4 3 5 0
H 6 0 . 9 2 9 8 9 9 5 11 3  . 8 4 2 7 7 0 2 3 . 4 9 6 7 9 2
C 6 1 . 4 0 0 9 9 7 5 13 2  . 3 3 0 6 5 3 2 - 1 7 6 . 4 7 9 1 2 8
C 8 1 . 4 4 3 0 3 9 6 1 1 4 . 0 8 2 4 6 2 5 3 . 9 8 0 3 5 0
C 9 2 . 5 2 1 0 6 4 8 1 4 4 . 3 4 4 1 4 8 6 - 8  . 9 8 2 6 7 2
H 10 0 . 9 3 0 1 8 3 9 8 8 . 7 6 7 3 2 7 8 - 1 6 4 . 4 7 6 6 6 7
C 10 1 . 3 1 7 1 2 1 9 1 5 2 . 9 2 7 3 9 2 8 1 8 . 8 9 1 4 6 8
H 12 0 . 9 2 9 6 8 7 10 1 1 8 . 3 7 3 5 9 5 9 1 7 0 . 5 4 0 3 2 8
C 12 1 . 4 8 0 1 8 2 10 1 2 3 . 3 1 8 6 6 8 9 - 9  . 3 8 9 4 5 3
H 14 0 . 9 2 9 9 0 8 12 1 2 2  . 7 5 8 9 7 6 10 - 1 7 9 . 2 0 7 2 4 4
C 14 1 . 4 1 5 0 4 3 12 1 1 4  . 4 0 6 2 8 8 10 0 . 7 8 8 7 3 9
C 16 1 . 4 3 4 5 9 2 14 1 1 7 . 8 0 9 5 3 9 12 1 . 9 5 0 6 2 7
C 17 1 .  3 5 9 1 1 0 16 1 26  . 5 4 1 4 4 5 14 - 0 . 2 2 1 7 4 5
C 8 1 . 2 9 6 0 8 4 6 12 7  . 1 5 5 4 6 3 5 1 7 6 . 4 2 9 8 5 4
H 19 0 . 9 3 0 2 2 4 8 1 1 8 . 8 8 9 3 2 7 6 5 . 8 1 9 5 5 4
C 19 1 . 3 8 3 4 3 8 8 1 2 2 . 2 2 4 7 0 3 6 - 1 7 4 . 1 8 9 4 5 7
H 21 0 . 9 2 9 8 3 2 19 1 1 8 . 4 3 4 3 2 0 8 - 1 7 9 . 2 8 1 0 2 9
C 21 1 . 2 9 5 1 5 0 19 1 2 3 . 2 6 5 5 1 8 8 0 . 7 1 0 6 2 8
H 23 0 . 9 3 0 1 1 9 21 1 2 2 . 4 4 3 0 8 8 19 1 7 8  . 4 4 9 1 8 3
C 23 1 . 3 4 8 2 2 6 21 11 5  . 1 8 4 1 3 1 19 - 1 . 6 4 2 7 0 1
H 25 0 . 9 3 0 0 2 5 23 1 1 6  . 7 6 1 9 6 0 21 - 1 7 5 . 6 2 2 1 2 9
0 1 3 . 0 4 2 0 4 6 2 1 6 9 . 5 7 4 2 3 4 5 - 1 2 6 . 9 6 2 6 7 0
0 1 3 . 0 2 5 1 3 2 2 8 5 . 3 9 9 1 1 3 5 1 4 1 . 2 6 7 0 2 3
0 1 2 . 9 8 8 0 4 6 2 9 2 . 1 0 9 4 7 2 5 5 4 . 7 8 2 6 5 7
0 2 3 . 0 1 5 3 9 0 1 97 . 7 4 5 7 4 9 16 - 1 2 3 . 2 4 9 0 0 4
0 2 3 . 0 2 7 1 3 1 1 9 1 . 6 8 4 6 6 9 16 1 4 5 . 1 9 2 6 1 6
0 2 3 . 0 4 9 5 5 0 1 1 5 7  . 4 6 6 4 2 4 16 5 6 . 2 4 9 2 2 4
o 3 3 . 1 2 6 4 1 5 2 1 7 3 . 4 1 1 2 9 3 1 - 2 7 . 1 0 5 7 0 7
0 3 3 . 0 1 3 1 9 9 2 90  . 0 3 7 6 5 0 1 1 23  . 1 6 3 5 8 1
0 3 3 . 0 1 5 6 3 5 2 8 9 . 2 7 8 2 3 8 1 - 1 4 6 . 3 6 0 6 6 3
c 27 1 . 1 0 9 0 1 9 1 4 . 6 0 6 0 5 1 2 95 . 3 0 8 4 0 6
c 28 1 . 1 9 4 5 5 2 1 2 . 4 4 7 0 9 4 2 1 3 8  . 0 2 9 0 0 1
c 2 9 1 . 0 4 6 9 2 7 1 1 . 9 4 3 0 8 5 2 1 6 6 . 3 6 4 1 2 7
c 30 1 . 2 4 4 4 8 3 2 2 . 8 5 8 4 0 7 1 1 5 9 . 0 9 7 2 7 2
c 31 1 . 1 4 7 8 1 9 2 1 . 3 2 3 5 2 4 1 - 9 4 . 9 0 3 8 5 1
c 32 1 . 1 1 1 5 5 8 2 6 . 2 9 1 6 6 3 1 - 9 0  . 1 8 0 7 3 3
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c 34
c 35
Os 0
LanL2DZ
C H 0  0
3 - 2 1 G
* * * *
Os 0
LanL2DZ
135
1 . 2 0 6 0 0 7  3 4 . 4 9 0 7 6 2  2 7 5 . 6 1 9 7 6 7
1 . 1 3 6 5 1 3  3 1 . 6 5 9 7 4 0  2 - 1 1 1 . 1 7 1 9 0 6
1 . 0 9 4 9 3 5  3 3 . 1 6 9 3 1 7  2 - 1 0 4 . 8 8 3 3 0 5
[Note: Coordinates are taken from crystal structural data] 
File extension:
Gaussian 98:
Save the input file as Osph.gjf format.
Run in Unix: g98 <Osph.gjf> Osph.out &
Gaussian 03:
Save the input file as filename.inp
Run in Unix: g03 <filename.inp> filename.out &
[Note: Use the .chk file from the optimization structure for the next calculations]
2. Input file for Densitv and NMR Calculation:
%Mem=48MW
%nproc=8
%chk=OsPh_e.chk
# b31yp Gen Geom=Check Guess=Read Pseudo=Read Density=Current 
NMR pop=reg SCF(Tight,MaxCycle=128)
TITLE: Os-Phenanthridine (5) with Full Basis Set
0 1
OsO
LanL2DZ
C H N O O
6-3l4-+G(2d)
* * * *
OsO
LanL2DZ
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3. Optimization of Radical anions:
%Mem=48MW
%nproc=8
%chk=OsPhr0.chk
# opt ub31yp Gen Geom=Check Guess=Read Pseudo=Read SCF(Tight,MaxCycle=128) 
TITLE: Os-Phenanthridine Radical (5 “) with Full Basis Set 
-1 2 
OsO
LanL2DZ
C H N O O
6-31l4-Kj(2d)
****
OsO
LanL2DZ
4. Time Dependent-Densitv Functional Theory (TD-DFT) for UV-Vis calculation 
*Add TD(NStates=16) in the command line as shown below.
# TD(NStates=16) b31yp Gen Geom=Check Guess=Read Pseudo=Read Density 
pop=reg SCF(Tight,MaxCycle=128)
5. Natural charge Population Analysis (NPA)
* Add Pop=(npa, full) in the command line.
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Appendix C 
2D NM R Spectrum
Standard parameters are used for all 2D-experiments 
2D spectra of compound 5 are given here:
COSY (correlation SpectroscopY, ^H-’H COSY):
35
7 9 6 8
Cppr aj8
4
3
6
9
7
2
9 . 8  9 . 6  9 . 4  9 . 2  9 . 0  8 . 8  8 . 6  8 . 4  8 . 2  8 . 0  7 . 8  7 . 6  7 . 4
FI (ppm]
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H ETCO R (HETeronuclear chemical shifts CORrelation, for compound 5:
5
4
— Os- Os—
Os
1 1 5 -
1 2 0 -
1 2 5 -
1 3 0 -
1 3 5 -
1 4 0 -
1 4 5 -
1 5 0 -
1 5 5 -
1 6 0 -
1 6 5 -
1 7 0 -
1 7 5 -
1 8 0 -
1 8 5 -
9 . 0 8 . 0 7 . 59 . 5 8 . 51 0 . 5 1 0 . 0 ppm
6
5
9
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HM QC (Heteromuclear Multiple Quantum Coherence, proton-detected 
correlation experiments) for compound 5:
3+5
ppm
1 1 5 -
1 2 0 -
1 2 5 -
1 3 0 -
1 3 5 -
1 4 0 -
1 4 5 -
1 5 0 -
1 5 5 -
1 6 0 -
1 6 5 -
1 7 0 -
1 7 5 -
1 8 0 -
1 8 5 -
8 . 5 8 . 01 0 . 0 9 . 0 7 . 51 0 . 5 9 . 5 ppm
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HMBC (Heteronuclear Multiple Bond Coherence; proton-deteeted long-range H-^^C 
heteronuclear correlation experiments) for Compound 6:
JLi rfp p m
100
11 0
1 2 0 -
1 3 0
140
15 0
16 0
17 0
9.4 9 . 2 9 . 0 8 8 8 . 6 8 8 . 2 8 . 04 7 . 8 7 . 6 7 . 4 7 . 2 7 . 0 6 . 8 6 . 6  p p m
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IX T 11H- H NOESY (Nuclear Overhauser Effect SpectroscopY) is useful for determining 
which signals arise from protons, which are close in space but not closely connected by 
chemical bonds) for 13: CHO
Os Os-
CHO
8 . 0 “ “
9.S
10. 0 '
CHO
11 . 0 - -
9 .0 8 .010.5 1 0 .0 8.5 7 .5 7 .0
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